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ABSTRACT. To identify factors that contribute to the thermal stability of ribonuclease HI (RNase HI) from
Thermus thermophilublB8, protein variants with a series of carboxyl-terminal truncations and-€ys

Ala mutations were constructed, and their thermal denaturations were analyzed by CD. The results indicate
that Cy$! and Cy$*° 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 is partially formed in a protein purified Eechmerichia coli

in the absence of a reducing reagent but is fully formed in a thermally denatured protein. These results
suggest that the thermal stability ©f thermophilusRNase 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 67 °C in T, and~3 kcal/mol in AG without seriously affecting the enzymatic activity.
SinceT. thermophilufkRNase Hl 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.

Ribonuclease HI (RNase Hiwhich had been designated in the presence of 1.0 M GdnHCI. Crystallographic(
as RNase H until a second RNase H (RNase HII) was 15) and theoreticalX6, 17 studies of theék. coli RNase HI
isolated fromEscherichia coli(1), specifically hydrolyzes  variants with either one of these mutations, except for that
the RNA moiety of RNA/DNA hybrids?). We have used  with the GIy*® — Ala mutation, allowed us to propose that
the RNases HI fronThermus thermophiludB8 andE. coli the introduction of the proline residue into the turn region
as a thermophilic/mesophilic protein pair for analyses of the (His®? — Pro), the cavity-filling mutation (V& — Leu),
stabilization mechanisms of proteins, because the crystaland the replacement of the left-handed helical residue with
structures of these enzymes are availaBleg) and their Gly (Lys®*® — Gly) are effective to increase the protein
conformational stabilities can be analyzed thermodynamically stability. In addition, we showed that the thermostabilizing
(7—9). TheT. thermophilusHB8 andE. coli RNases Hl, effects of the five mutations, including these four mutations,
which both exist in a monomeric form, are composed of 166 are additive 18). However, the combination of the four
(9, 10 and 155 11) amino acid residues, respectively, and stabilizing mutations can increase the stability Eof coli
the identity of these sequences is 52%. The former is moreRNase HI by at most only 16.9C, which is less than half
stable than the latter by 33.9C in T, at pH 5.5 in the of the difference between thg, values of theT. thermo-
presence of 1.2 M GdnHCI, by 11.8 kcal/mol at Z5, and philusandE. coliRNases HI. Additional stabilizing factors,
by 14.1 kcal/mol at 50C in AG[H20] (9). By replacing which have yet to be identified, must contribute to the
the amino acid residues &f. coliRNase HI with those from  stability of T. thermophilusRNase HI.

T. thermophilusRNase HI 8, 12, 13 or by introducing Our strategy to identify the factors that makethermo-
random mutations into thE. coli RNase HI sequencé ), philus RNase HI more stable thaB. coli RNase Hl is to
we have succeeded in identifying four amino acid substitu- introduce amino acid substitutions irffo coli RNase HI and
tions that may contribute to the greater stability Bf  |ook for thermostabilizing mutants. We have not constructed

thermophilusRNase HI as compared to that®f coliRNase any mutantT. thermophilusRNase HI protein for this

HI. They are Gly®— Ala, His®> — Pro, Vaf*— Leu, and  purpose. However, because stabilizing forces or interactions

Lys®* — Gly, which increase the stability d&. coliRNase  are often generated from multiple amino acid interactions,

HIby 1.8,4.1, 3.3, and 6.8C in T, respectively, at pH5.5  they are not always created by introducing a single amino
o _ acid substitution intde. coli RNase HI. On the other hand,

popm etk es suppord i par by Crans 0456352 4 0926122 e rlavely easier (o mpai Such forces o iterac-
* To whom correspondence should be addressed: Tel/Fax 81-6-879-tions by introducing a single amino acid substitution ifito

7938; e-mail kanaya@chem.eng.osaka-u.ac.jp. thermophilusRNase HI. The accumulation of this informa-

1 Abbreviations: GdnHCI, guanidine hydrochloride; HPLC, high- ; : ; o
performance liquid chromatography; CD, circular dichroism; PAGE, tion will be helpful to identify these stabilizing forces or

polyacrylamide gel electrophoresis; LEP, lysyl endopeptidase; RNase Intéractions. - In addition, mutational studies f thermo-
HI, ribonuclease HI; PCR, polymerase chain reaction. philus RNase HI may provide an answer to the question as
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to whether the difference in the in vitro stability betwekn EXPERIMENTAL PROCEDURES
thermophilusRNase HI ancE. coli RNase HI reflects the
difference in the in vivo stability between them, because
protein stability is often affected by modifications in vitro,
such as disulfide bond formation.

Materials. Restriction enzymes and modifying enzymes
for recombinant DNA technology were from Takara Shuzo
Co., Ltd. Ultrapure guanidine hydrochloride (GdnHCI) was
from ICN Biomedicals Inc. Phosphocellulose (P-11) was

Proteins from thermophilic sources usually have fewer from Whatman. Lysyl endopeptidase (LEP) was from Wako
cysteine residues than their mesophilic counterpar®. ( Chemical Co.. Ltd.

However, T. thermophilusRNase HI, which contains four Cells and Plasmids.Plasmid pJAL700T, for the over-

cysteine residues, has one more cysteine residueEheuwii roduction ofT. thermophilusRNase HI was constructed
RNase HI. Therefore, there is a chance that the formation prod i pn '
previously ). This plasmid bears the wild-typah gene

of a disulfide bond enhances tfig value of this protein. It under the control of the bacteriophag@romoters  and
has been shown that all three cysteine residue. inoli 857 Phage -
P., the cf®7 gene, and the bacteriophage fd transcription

RNase HlI exist in reduced forms and that the mutations of terminator. Competent cells &. coli HBI01(F- hsd S20

these residues to Ala do not seriously affect the enzymatic
o X : recAl13 ara-14 proA2 lacY1l galK2 rpsL20(str) xyl-5 mtl-1
activity (20). Two of the four cysteine residues (Gyand SUPEA4 leuB6 thidlwere from Takara Shuzo Co., Ltd.

Cys) in T. thermophilusRNase HI are conserved in the Mut i« Th tantrmh ding tha
sequences of these enzymes. €ys located at the loop th u agﬁ'ﬁ]e;\ﬁ\] eHTu an r? g;ahnes, enco fIrCI:g i . |
between th¢gA and 5B strands and is relatively buried inside trl?r:g]a?irc))nlsu wer:Sc%nst\r/l?gltzg ‘;;/N;) CS ziir:]egspcr)ﬁme_r?/\r/m:na
the protein molecule. C¥5is located at the loop between ) Co ) :

P ys b anNdd site and 3 mutagenic primers witlsal sites. The

theal helix and thepD strand and is exposed to the solvent. e

The other two cysteine residues (¢yand Cy3*) are located éﬁ? géi\TOCfZ AEE%TSXgmer wg’s ShG C(iﬁ‘ATICtCATAE'

at the turn between th8C strand and theu helix and at = . M-S, WhEre the initiation codon

the C-terminal region, respectively. Sintethermophilus of the rnh gene is shgwn in italic type and the underl!ned

RNase HI is present in a reducing environment, all of the gﬁf::r;fxgéhc?ezasr:i%ntgfrtehﬁ:c:Ittié Zggognr?g:a}[%in;%ino

cysteine residues must exist in reduced forms in vivo. " . . X

Structural and biochemical characterizations of the recom- acid residue 144’ .146' 148, 149, 15.0’ 152, 154, or 156 with
the TAA termination codon. Their sequences werfe 5

binant protein purified fromE. coli suggested that these ;
cysteine residues exist in reduced forms in vitro as w&ll ( GCMTA(B?“G , where the seéquence complemen—
tary to the termination codon of thiah gene is shown in

9)._Namely, the backbone structure of the protein, which is italic type, and the underlined bases show the position of
i i 147 ’
available for the residues from Artp Thri#’, clearly shows the Sal site. (B), represents the 1819 bases with the

that Cyd® and Cy$? exist in reduced forms. In addition, - .
. . . sequences that are complementary to th@ninal region
because structural disorder in the crystallographic analyses

prevented the definition of the carboxyl-terminal (C-terminal) of the rnh gene. The truncated proteins are designated as
. ! : . . . TRNH[AX], whereX represents the truncated region at the
14 amino acid residues, including CG§% in the electron

. s ; T . C-terminus. For example, TRNHA[L50-161] represents the
density map ), it is unlikely that a disulfide bond is fully . ' i . i
formed between Cysand Cya®. Chemical modification truncated protein lacking the C-terminal 12 residues from

with 5,5-dithiobis(2-nitrobenzoic acid) (DTNB) has also P°Siions 150 to 161. . o
suggested that all of the cysteine residues exist in reduced |N€ mutantmh genes, encoding the mutant proteins, in

hich single or multiple Cys— Ala mutations were
forms ©). However, these results cannot rule out the W ) . . .
possibility that a disulfide bond is formed between €ys ntroduced into either the wild-type protein or TRNAIS0-
and Cy$* under different conditions, especially those in 161], were constructed by PCR using apimer with an
which thermal denaturation of the protein is examined. qu site, a 3 primer with aSqI site, and 5and 3 mutagenic
In the C-terminal region of. thermophilusRNase Hi primers, as described previously for the construction of the

. X o mutantE. coli RNase HI proteins243). The sequence of
four proline residues are clustered at positions 148, 150, 151, g primer was mentioned above. The sequences of the

and 154, whereas no proline residues are located at the3' primers were 5GCGTCGACCTTAAAGGTGGGGC-
corresponding region ok. coli RNase HI. It has been  11TcccGGTCC-3for the full-size mutant protein and-5
reported that thermophilic proteins have more proline GoGTCGACTTAGCAGGGCGTTTTGGCCTGGGAC-Rr
residues than mesophilic protein81). In fact, proline e TRNHA150-161] mutant proteins, where the underlined
residues have been shown to contribute to increasing proteinygses show the positions of tial sites. The mutagenic
stability when they are located atfasheet or a turn/loop primers were designed so that the codons for&ysd Cy4!
region, because the entropy of the unfolded state of the,,ere changed from TGC to GCC for Ala, and the codon for
protein is decrease@?). Therefore, we decided to introduce Cys3 was changed from TGC to GCA for Ala. Since the
a series of truncations into the C-terminal regionTof 3" primer includes the sequence complementary to the codon
thermophilusRNase HI, to analyze the role of the proline oy cyg49 the TGC codon for Cy4°was changed to GCC,
and .c_ysteine residues located in this region in the protein o; the construction of the TRNH{150-161] derivatives
stability. in which Cyg4%is replaced by Ala. The mutanhh genes,

In this report, we show that none of the proline residues encoding the TRNHA150—-161] variants with a series of
clustered in the C-terminal region ®f thermophilufRNase substitutions at the C-terminus (C§3, were constructed by
HI contributed to the thermal stability of the protein. PCR using the '5primer mentioned above and thé 3
However, a disulfide bond formed between Eyand Cy3$*° mutagenic primers with the sequences eGEGTCGACT-
accounts for 67 °C in T, and~3 kcal/mol in AGy,. TANNNGGGCGTTTTGGCCTGGGAC-3 where the un-
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derlined bases show the position of tBal site and NNN Coomassie Brilliant Blue. The molecular weight of each
represents the sequence complementary to the codon for théruncated protein was estimated by applying an aliquot of
mutated residue. The Butagenic primers were designed the purified sample to a column (126100 cm) of Sephacryl
so that the TGC codon for C¥8 was changed to TCC for  S-300 (Pharmacia) equilibrated with 10 mM Tris-HCI (pH
Ser, ACC for Thr, GTC for Val, and ATC for lle. The 7.5) containing 0.1 M NaCl. The flow rate was 10 mL/h,
resultant derivatives of the wild-type protein and TRNH- and 2.5 mL fractions were collected. Bovine serum albumin
[A150-161] are designated as-RNase HI and XTRNH- (67K), ovalbumin (43K), chymotrypsinogen A (25K), and
[A150-161], respectively, in which Xrepresent(s) the RNase A (13.7K) were also applied individually to the
amino acid residue(s) at position(s) 13, 41, 63, and/or 149 column as standard proteins.
(one-letter notation). For example&RNase HI represents RNase H Actiity. The enzymatic activity was basically
the mutant protein in which C¥¥ of the wild-type protein determined in 10 mM Tris-HCI (pH 8.0) containing 10 mM
is replaced by Ala, and 8A%-TRNH[A150-161] represents ~ MgCl,, 50 mM NaCl, 1 mM 2-mercaptoethanol (2-Me), and
the mutant protein in which C¥%and Cy&® of TRNH- 100 ug/mL bovine serum albumin at 3T, by measuring
[A150-161] are replaced by Ala. the radioactivity of the acid-soluble digestion product from
All primers were synthesized by Sawady Technology Co., &°H-labeled M13 RNA/DNA hybrid, as described previously
Ltd. PCR was performed for 25 cycles with a Perkin-Elmer (7)- The concentration of 2-Me was changed to either 0 or
GeneAmp PCR System 2400, using Vent DNA polymerase 100 mM when the effect of 2-Me on the enzymatic activity
from New England Biolabs, Inc. All of the nucleotide Was analyzed.
sequences of the mutarith genes were confirmed by the Circular Dichroism Spectra. The CD spectra were
dideoxy chain-termination metho@4). After digestion by ~ Measured on a J-720W automatic spectropolarimeter from
Nde and Sal, the PCR fragments were ligated into the J&Pan Spectroscopic Co., Ltd., at*lDin 10 mM Tris-HClI
Nde—Sal sites of plasmid pJAL700T to construct the (PH7.5)containing 1 mM EDTA. For the measurement of

expression vectors for the mutant proteins. The overproduc-the far-ultraviolet (UV) CD spectra (26260 nm), the
ing strains were constructed by transformigeoli HB101 ~ Protéin concentration was approximately 0.13 mg/mL, and
with the resultant expression vectors. a cell with an optical path length of 2 mm was used. For

Overproduction and Purification. Cultivation of theE. the measurement of the near-Uv CD spectra ¢ nm),

. . ) the protein concentration was 6-:5.0 mg/mL and a cell with
COI'. H31°1 transforman_ts with the plasmid pJAL700T an optical path length of 10 mm was used. The mean residue
derivatives, overproduction of the truncated and mutant

L ; i 1
proteins, and preparations of the crude extracts (lysates) fromelllp“c'ty' 0, which has the units of deg cimor™, was

. i ) . Iculated by usi i id molecul ight
cells were carried out as described previously for the wild- g? ftljoa ed by using an average amino acid molecular weig

type protein 9). However, the following purification )
procedures were slightly modified, as described below. For

the purification of the wild-type, truncated, and mutant

proteins, except for TRNI{148-161], ammonium_ sulfate the change in the CD value at 220 nm. The proteins were
was added to the crude lysates to a concentration of 80%,4issolved in 20 mM sodium acetate (pH 5.5) containing 1
and the resultant precipitates were collected by centrifugation guanidine hydrochloride (GdnHCI), unless specifically

at 1500@ for 30 min at 4°C. They were then suspended in - yeqcrined. The protein concentration was approximately 0.13
40 mL of 10 mM Tris-HCI (pH 7.5) containing 1 MM EDTA 0/ “and a cell with an optical path length of 2 mm was

(TE buffer), dialyzed against TE buffer with a dialysis used. The enthalpy Change of unfolding at me(AHm)

membrane (Size 20) from Viskase Sales Corp., and applied, a5 calculated by van't Hoff analysis. The difference in

to a column (3 mL) of P-11 equilibrated with TE buffer. ne free energy change of unfolding between the mutant and

After the column was Washed_wnh TE buffer, _the enzyme \yiid-type proteins, at th@, of the wild-type proteinAAGy),

was eluted from the column with a linear gradient of NaCl \as estimated by the relationship given by Becktel and

from 0 to 0.5 M in TE buffer. The protein fractions that = gcheliman 26), AAGy = ATnASn. AT is the change in

eluted at an NaCl concentration of approximately 0.3 Mwere T of 4 mutant protein relative to that of the wild-type

pooled. For the purification of TRN#{148-161], 1 M protein. AS;, is the entropy change of the wild-type protein

sodium acetate (pH 5.5) was added to the crude lysate to ayt theT,, which was determined as 0.437 kcal/(rk)Ifrom

final concentration of 20 mM. This solution was applied t0 - foyr independent experiments with errorsie.04 kcal/(mol

a column (3 mL) of P-11 equilibrated with 20 mM sodium k) The theoretical curves for unfolding were drawn on the

acetate (pH 5.5) containing 0.2 M NaCl. After the column assymption that the protein unfolds by a two-state mecha-

0.2 M NaCl, the enzyme was eluted from the column with yajyes, and thCp value of 1.79 kcal/mol determined for

a linear gradient of NaCl from 0.2 to 1 M in 20 mM sodium g coli RNase HI 27).

concentration of approximately 0.7 M were pooled. M Tris-HCI (pH 9.0) at 37°C for 1 h with lysyl endopep-
The protein concentration was determined from UV tidase (LEP) at an enzyme/substrate ratio of 1:50. The

absorption, assuming that the mutant proteins obtained inresultant peptides were separated by reverse-phase HPLC

this experiment have the samgs’** value (1.6) as that of  on a Cosmosil ODS column (4.6 mm 150 mm) from

the wild-type proteing). The cellular production levels of  Nacalai tesque, using an HPLC apparatus from Shimadzu

the mutant (truncated) proteins and their purities were LC-10A. The molecular weight of each peptide was

estimated by subjecting whole cell lysates to SIPAGE analyzed by an on-line mass spectrometer, LCQ from

on a 15% polyacrylamide ge?¥), followed by staining with Finnigan MAT, using electrospray ionization.

Thermal Denaturation.The thermal denaturation curves
and the temperature of the midpoint of the transitiog,
were determined as described previouslyky monitoring
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Ficure 1: Structure ofT. thermophilusRNase HI. (a) This stereoview of the backbone structure. efiermophilusRNase HI, determined

by Ishikawa et al. ), was drawn with the program RasMol. Numbers represent the positions of the amino acid residues, which start from
—4 for the initiator methionine of the protein. The initiator methionine starts-4t because th&@. thermophilusRNase HI sequence
contains an additional four residues at the N-terminus as compared o dudi RNase HI sequencé). Arg? and Thi#4” represent the N-

and C-terminal residues in this crystal structure. The side chains df,@ys", and Cy$? are indicated by solid lines. TheoCatoms of

the active-site residues (A% GIu*8, and AspP) are also indicated by solid lines. This crystal structurd ofhermophilusRNase HI has

been deposited in the Brookhaven Protein Data Bank under accession number 1RIL. (b) The amino acid sequethegnadphilus

RNase HI, determined by Kanaya and Ita@, s shown. The ranges of the five-helices and the fivg-strands are shown along the
sequence. All four cysteine residues, at positions 13, 41, 63, and 149, are shown in boldface type, and the three catalytically essential
carboxylates (AsP, Glu*, and Asp®) are underlined. The N-terminal region from Méto Prd and the C-terminal region from Pi§ to

Alal which have not been defined by crystallographic analyses, probably due to structural disorder, are boxed.

RESULTS 1 2 34548678 9 10
94K
C-Terminal Truncation DesignThe backbone structure 67K = . . -' :

of T. thermophilusRNase HI, which has been determined ggﬁ ’ -- -! — =

for the residues from Afgto Thr*47 at 2.8 A resolution §), —SE =8 =

as well as the amino acid sequence of the protein, are shown 20K el _—— ;_:... -
in Figure 1. Since our initial purpose was to understand the 14K ﬂ—“ ik 1

role of the C-terminal residues in the protein stability and T - - -

the enzymatic activity, we decided to construct mutant
proteins with a series of C-terminal truncations. The mutant _ .
Ficure 2: Production of truncated proteins in cells. The cellular

proteins TRNHA148-161~TRNH[A156-161] were con- production levels of thd. thermophilusRNase HI variants with

structed to analyze the roles of the cysteine and proline the C-terminal truncations were analyzed by SE15% PAGE for
residues located at the C-terminal region. The mutant the wild-type protein (lanes-810), TRNH[A149-161] (lanes 5-7),
proteins TRNHA144—161] and TRNHA146-161] were and TRNHA144-161] (lanes 2-4). The gel was stained with

constructed to analyze the tolerance of the enzyme for theCoomassie Brilliant Blue. Lanes 2, 5, and 8, whole cell extract;
additional C-terminal truncations lanes 3, 6, and 9, soluble fraction obtained after sonication lysis;

o _ and lanes 4, 7, and 10, insoluble fraction obtained after sonication
Purification of Truncated ProteinsAll of the truncated lysis. Size marker proteins in lane 1 are phosphorylas@4kK;

proteins that were overproduced B coli HB101 were bovine serum albumin, 67K; ovalbumin, 43K; carbonic anhydrase,
recovered in a soluble form after sonication lysis, although 3CK: trypsin inhibitor, 20K; andi-lactalbumin, 14K.

the more truncated forms showed a tendency to accumulateof 8 M urea but does not bind to it in the absence of 8 M
in an insoluble form (Figure 2). It has previously been urea ). Since the C-terminal truncations may alter a
shown that the wild-type protein in the crude lysate obtained property of the protein, we have examined whether the
after sonication lysis binds to P-11 at pH 5.5 in the presence truncated proteins bound to P-11 in the abseri&M urea.
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100 | ' ' ' ' ' | Table 1: Enzymatic Activities and Thermodynamic Parameters of
Mutant Proteins with C-Terminal Truncatichs
X w0 | g relative
g activity Tm ATm AHp, AAGy,
% 0 k | protein %) (°C) (°C) (kcal/mol) (kcal/mol)
15 WT 100 837 155.3
5 | 4 TRNH[A156-161] 100 83.3 -—-0.4 94.5 -0.17
B TRNH[A154-161] 100 820 -1.7 105.2 —0.74
= | TRNH[A152-161] 92 800 -—-37 89.6 —1.62
or TRNH[A150-161] 92 80.9 -28 109.0  -1.22
TRNH[A149-161] 74 72.0 —-11.7 135.0 -5.11
or 7] TRNH[A148-161] 69 68.1 —15.6 87.4 —6.82
TRNH[A146-161] 70 69.1 —-14.6 104.4 —6.38
40 100 TRNH[A144-161] 45 66.7 —17.0 86.4 —7.43
Temperature (°C) a2 The enzymatic activity was determined at3Dfor 15 min, in 10

mM Tris-HCI (pH 8.0) containing 10 mM MgGJ 50 mM NacCl, 100
ug/mL bovine serum albumin, and 1 mM 2-mercaptoethanol, by using
an M13 RNA/DNA hybrid as a substrate. The specific activity of the
wild-type protein (WT) was~2.0 units/mg under these conditions. The

Ficure 3: Thermal denaturation curves of the wild-type and
truncated proteins. The apparent fraction of unfolded protein is
shown as a function of temperature. Thermal denaturation curves
of all proteins W_ere_determlned atpH 5.5 in the presence of 1 M relative activity was calculated by dividing the enzymatic activity of
e e ol 220 P, 5. e mutant profen by ha of he widype proten The mefing
type @) TRNH[A15%—161] ©) TRNH[A14§—161] @), TRNH- temperatqre,'l’m, is Fhe temperature of thg midpoint qf the thermal-
[A146-161] (), and TRNHA144-161] (A) proteins are shown denaturation transition. The difference in the melting temperature

as representatives. The theoretical curves for unfolding were drawn?emifgnzyf v_I\_nk(JI\;\tl)_/r;;e Aaﬂd g%ﬁinzﬁ{ﬁ;?é?zﬁgwgs gfaljc#flgﬁﬂga;t
. . . m! m . m
as described in the Experimental Procedures. Tm, which was calculated by van't Hoff analysis. The difference in the

Consequently, we found that only TRNA{48—161] bound free energy change of unfolding of the mutant proteins and that of the

ErE . wild-type protein, at theT,, of the wild-type protein AAGy), was
to P-11 in the absence 8 M urea. In addition, we found estimated by the relationship given by Becktel and Schellr@é)) &s

that the wild-type and all of the other truncated proteins gescribed in the Experimental Procedures. Alg value of 0.437 kcall
bound to it if they had been precipitated by the addition of (mol-K), which was determined from four independent experiments
ammonium sulfate beforehand. The reason TRNH{8— VAVZhGerforIS Ofig;?fé(;?z(i?m’z%?f flé)sretggoér:ge nfgtli(éugégileh 0f5the
161] e_ffectlvely bound t_O P-11, in the abs.en.déd\/l ure.a °C for}1 '\I{:,uj:esiS kcal/mol forAHm, ar(:dﬂ:O.Z kcal/ymol forAAG??.
and without the ammonium sulfate precipitation, remains to
be determined. The purification yields were roughly 25%
for the wild-type and all of the truncated proteins. The proteins were 92% and 74% of that of the wild-type enzyme.
amounts of the proteins purified from 1-L cultures gradually These results indicated that C-terminal truncations of up to
decreased as the size of the truncated region increased and2 residues did not seriously affect either the protein stability
ranged from 11 to 22 mg for these proteins. Gel filtration Of the enzymatic activity, but the additional truncation of
with Sephacryl S-300 indicated that all of the truncated Cys'“° considerably decreased the protein stability without
proteins existed in a monomeric form, like the wild-type seriously affecting the enzymatic activity. Since the stabili-
protein. ties and the enzymatic activities of the truncated proteins
Stability and Actiity of Truncated Proteins.To analyze gradually decreased as the number of truncated residues
the effects of the C-terminal truncations on the protein increased beyond 13, but those of TRMHP4—161] were
stability, the thermal denaturation curves were measured bycomparable with those of TRNA[L49-161], further trunca-
monitoring the change in the CD values at 220 nm (Figure tions of up to five residues again did not affect either the
3). Since we constructed the truncated proteinsTof protein stability or the enzymatic activity. The far- and near-
thermophilusRNase HI to identify the factors that make it UV CD spectra of the truncated proteins suggested that
more stable thafE. coli RNase HI, and we have analyzed C-terminal truncations of up to 18 residues did not seriously
the stabilities of a variety of the thermostabilizing mutants influence the secondary and tertiary structures of the protein
of E. coli RNase HI in the presencé & M GdnHCI at pH (Figure 4). These results indicate that none of the four
5.5, we analyzed the stabilities of tiethermophilufkNase proline residues clustered in the C-terminal region contributes
HI mutants under these conditions. The enzyme was shownto either the enzymatic activity or the thermal stability of
to reversibly unfold in a single cooperative fashion under the protein. In contrast, C¥¥ contributes greatly to the
these conditions, with &, value of 83.7°C. This value  protein stability.
was 1.6°C higher than that previously reported, because the Stabilities and Actiities of Cys Mutants.To examine
thermal denaturation curve of the enzyme was previously whether Cy%* contributes to the protein stability by forming
measured at pH 5.5 in the presence of 1.2 M GdnHCI, insteada disulfide bond, the TRNH{150-161] variants with single
of 1 M GdnHCI ©). The thermodynamic parameters of the or multiple Cys— Ala mutations, as well as A-RNase
truncated proteins, as well as their enzymatic activities HI, in which Cys4° of the wild-type protein is replaced by
relative to that of the wild-type protein, are summarized in Ala, were constructed. If a disulfide bond involving G3fs
Table 1. The truncated protein TRNA[50-161] was less  as one partner contributed to the protein stability, then the
stable than the wild-type protein by only 228 in T,, and mutation of a cysteine residue that is the other partner would
1.2 kcal/mol inAGy,, whereas TRNHA149-161] was less reduce the protein stability. The purification procedures for
stable than the wild-type protein by 11°C in T, and 5.1 the Cys mutants were identical to those for the parent
kcal/mol inAG. The enzymatic activities of these truncated proteins, and the amounts of the mutant proteins purified




Stabilization Factor of Thermophilic RNase HI Biochemistry, Vol. 37, No. 36, 19982645

100 T T r
20000
50
10000
= |
e 0 e 0
-10000 50 -
-20000 1 1 1 1 1 1 -100
200 210 220 230 240 250 240 260 280 300 320
Wavelength (nm) Wavelength (nm)

Ficure 4: CD spectra of the wild-type and truncated proteins. The CD spectra of the wild-type and all of the truncated proteins were
measured as described in the Experimental Procedures. The far-UV (left) and near-UV (right) CD spectra of the wild-type protein (solid
line) and TRNHA144—-161] (broken line) are shown. The spectra of all of the other truncated proteins are slightly different from those of
the wild-type protein, but to a lesser extent than those of TRNHME—161].

Table 2: Enzymatic Activities and Thermodynamic Parameters of 161] variants with multiple Cys~ Ala mutations. Namely,

the T. thermophilusRNase HI and TRNHE150-161] Variants the double mutant protein’2A%-TRNH[A150—-161], which
relative contains only two cysteine residues (€yand Cy3$*) was
activity Tm ATn  AHn AAGH, less stable than TRNA[150-161] by only 2.4°C in T,
[ %) (°C) (°C) (kcal/mol) (kcal/mol : -
protein %) (C) (°C) (kcalimol) (kcal/mol) (1.1 kcal/mol inAG)), whereas the Cys-free mutant protein
w& duced) 188 g?-z 63 195533 - ABAMABA L. TRNH[A150-161] was less stable than it by
reduce 4 —6. } —2. o : . . .
Al4.RNase HI 100 747 —-9.0 1170 -393 12.0°Cin Ty, (5.2 kcal/mol inAG,). The difference infl,
TRNH[A150-161] 100 80.9 109.0 between AAS-TRNH[A150-161] and ASA4IAB3AL4YL
ﬁiﬂgmnﬁigg‘:igﬂ é; 32-% —8-2 ﬂg-i —2-82 TRNH[A150-161] (9.6°C) was comparable to that between
. —9. . —4, 1 149
AS.TRNH[A150-161] 99 788 -21 1124 092 TRNH[A150-161] and A‘-.T.RNH[A@150—161] or A
AL.TRNH[A150-161] 87 725 -84 1356  —3.67 TRNH[A150-161]. In addition, A*-RNase HI was less
AﬁAzz—TRNH[ABCHGl] 11 785 -24 1102  -105 stable than the wild-type protein by 9°C in Ty, (3.9 kcal/
A ity 0o 9 78S 24 1123 L0 mol in AGn). These results strongly suggest that the
AlséAe;_TR,;)H[A15O_161] 11 716 -93 934 —4.06 disulfide bond formed between Cysand Cy$*° contributes
reduce equally to increasing the stabilities of both TRNY[50—
Al?éﬁ,j?ﬁiﬁb_lel] 18 689 —120 1246 —524 161] and the wild-type protein. Among the various Cys
S19.TRNH[A150-161] 129 731 -7.8 1211 -3.41 mutants, only those in which Cyswas replaced by Ala had
114 TRNH[A150-161] 115 746 —63 1251  -275 considerably less enzymatic activity than the wild-type
TW9LTRNH[A150-161] 168 750 —59 1265 —2.58 . \a that onl . want for th
VIMOTRNH[A150-161] 139 758 —51 1390 —2.23 protein, suggesting that only Cysis important for the

2The enzymatic activities and the thermal stabilities of the enzyma-tlc activity. o ) ) )
thermophilusRNase HI and TRNHA150-161] variants were deter- Disulfide Bond Identification. To identify a putative

mined as described for Table 1. The relative activity of the disulfide bond in either the wild-type protein or TRNH-

thermophilusRNase HI variant (A*-RNase HI) was calculated by A ; ;
dividing the enzymatic activity of this mutant protein by that of the [A150-161], peptide-mapping analyses were carried out.

wild-type protein. The relative activities of the TRNA{50-161] When these proteins were q‘geSted_ by |ysy.| endopeptldase
variants were calculated by dividing the enzymatic activity of the mutant (LEP) at pH 9.0, peptides with a variety of disulfide bonds,
protein by that of TRNHA150—-161]. Likewise, theAT, value was including Cy$3—-Cys'3, Cys'—Cys", Cy$3—-Cys3 and
calculated asTm(mutant) — Tn(WT) for Al*-RNase HI and as Cyst4—Cys® were produced (data not shown). In addition,

Tm(mutant) — T(TRNH[A150-161]) for the TRNHA150-161] : . : . .
variants. TheAAGy values were calculated by multiplying thS, all four kinds of peptides with reduced cysteine residues were

value of 0.437 kcal/(meK) with the ATy, values. Errors are the same ~ produced. These results indicate that the wild-type protein
as those described in the legend for Tablé The enzymatic activity ~ and the TRNHA150-161] mutant protein contain a disulfide
was determined in the presence of 100 mM 2-Me and the thermal hond, but the peptides with this disulfide bond are not stable,

denaturation curve was measured in the presence of 20 mM Zfie. . . .
protein was thermally denatured and then renatured at room temperature.because of the acceleration of the SUIfhyd ryI/dlsqulde

The enzymatic activity was determined in the absence of 2-Me. exchange reactions upon proteolysis. Attempts to digest the
protein with LEP or other proteases at a pH lower than 7,
from 1-L cultures were roughly the same as those of the Which would suppress the sulfhydryl/disulfide exchange
parent proteins. The stabilities and the activities of these reactions, have thus far been unsuccessful, because the
Cys mutants are summarized in Table 2. The mutation of protein is not effectively cleaved under these conditions.
Cys* or Cy$4%in TRNH[A150-161] decreased the protein  Therefore, we decided to digest’A®*~TRNH[A150-161]
stability by 8.4-9.2 °C in Tn, (3.7—4.0 kcal/mol inAG,), with LEP. Since A3A®—TRNH[A150-161] contains only
whereas the mutation of either Cy®r Cy$S decreased it  two cysteine residues, at positions 41 and 149, the sulfhydryl/
by only 0.8-2.1 °C in Ty, (0.4—0.9 kcal/mol in AGp,). disulfide exchange reactions occur only when the disulfide
Similar phenomena were observed for the TRNHO— bond is partially formed between these cysteine residues.
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elute in the flowthrough fraction of the reverse-phase column,
a probably because of their poor hydrophobicities. In contrast,
0.05 - when ARBA®-TRNH[A150-161], which was thermally

' -60 denatured and then renatured at mild temperatures, was
i digested by LEP, only the peptide with the disulfide bond
between Cy% and Cy$*° was detected (Figure 5c¢). These

] results suggest that the disulfide bond between*Cgsd
Cyst*® was partially ¢80%) formed in ASAS-TRNH-
[A150-161], when the protein was purified in the absence
LLJL’/ of a reducing reagent, but was fully formed once the protein
10 was thermally denatured. Wher3AS-TRNH[A150-161]

was digested by LEP in the presence of a reducing reagent,
b only the peptide with reduced Cyswas detected, as
expected (Figure 5a). Attempts to isolaté3AS3-TRNH-
[A150-161] in a reduced form have thus far been unsuc-
cessful, because it is unstable in the absence of a reducing
reagent and is gradually converted to an oxidized form when
the reducing reagent is removed. Since the enzymatic
activities of the reduced and oxidized forms of3AS-
TRNH[A150-161], relative to that of the parent truncated
protein, were similar to each other (Table 2), the formation
of the disulfide bond between Cysand Cy3* did not
seriously affect the enzymatic activity.

Stability in the Presence of a Reducing Reagefit
0.05F examine whether the cleavage of the disulfide bond formed
60 between Cy8 and Cy$* influences the protein stability,

2 thermal denaturation curves for the wild-type proteiffAgs-
- TRNH[A150-161], and ASA*ASA-TRNH[A150-161]

T | were measured in the presence of 20 mM 2-Me. The

? /l/ addition of 2-Me decreased the stabilities of the wild-type
i protein and ASAS:TRNH[A150-161] by 6.3 and 6.9C

» LJJ UL,,U»JW/_ 10 in T (2.8 and 3.0 kcal/mol iMGy,), respectively (Table 2),

[l but did not seriously affect the stability of!AA4LA83AL4%

0 A 8 i5 6 20 24 TRNH[A150-161]. These results suggest that the disulfide

bond formed between Céfsand Cy3* increases the protein

) ) ) stability by 6-7 °C in T, and ~3 kcal/mol in AGn,.

FiGure 5: Separation of lysyl endopeptidase digests &1A&- Stabilities of the TRNH§150-161] Variants at Cy&®.

TRNH[A150-161] in reduced and oxidized forms by reverse-phase ; 29 .
HPLC. The mutant protein BASSTRNH[AL150-161], purified The mutation of Cy& or Cys“*°to Ala decreased the protein

from E. coli, was digested by lysyl endopeptidase (LEP) in the Stability by~9°C in Ty, and~4 kcal/mol inAGy, whereas
presence (a) or absence (b) of 1 mM 2-Me, as described in thethe cleavage of the disulfide bond by the addition of 2-Me
Experimental Procedures. Likewise,’*A%-TRNH[A150-161], decreased it by only-67 °C in T,, and~3 kcal/mol inAGy,.

which was thermally denatured and then renatured at room These results suggest that the thiol groups of these cysteine

temperature, was digested by LEP (c). The resultant LEP digests - : - - o
(0.5 nmol) were applied to a Cosmosil ODS column (46,50 residues contribute to the protein stability by2°C in Ty,

mm) equilibrated with 10% (v/v) solvent B in solvent A. Elution ~and ~1 kcal/mol in AGn. To clarify the mechanism by
was performed by a linear increase of the concentration of solvent which the thiol group increases the protein stability, mutant
B in solvent A from 10% to 60% (v/v) in 25 min. Solvent Awas  proteins of TRNHA150—161], in which Cy&*was replaced
aqueous 0.1% (v/v) trifluoroacetic acid, and solvent B was ; ; ;

acetonitrile containing 0.05% (v/v) trifluoroacetic acid. The flow by §everal other amlno. acid residues, were constructed and
rate was 1.0 mL/min. The peptides were detected by UV at 230 their the.rmal_denaturatmns were analy_zed. The (esults_z_are
nm. The molecular weight of each peptide was determined by on- summarized in Table 2. The decrease in the protein stability
line mass spectrometry. The straight line represents the concentraby the mutation of Cy’é9 to Val, Thr, or lle (56 °C in T,

tion of solvent B. All of the peptides that were eluted from the ang 2.2-2.6 kcal/mol inAG,;) was comparable to that due

column were identified, and only the peptides with a reducedCys . e
a disulfide bond between two Cysand that between Ciisand to the cleavage of the disulfide bond, whereas the decrease

Cysi® are shown by arrows, which are labeled 4141, and N the protein stability by the mutation of Cy$to Ser (7.8
41-149, respectively. °C in T, and 3.4 kcal/mol ilnAGy,) was comparable to that

due to the mutation of Cy¥ to Ala. A characteristic
When it was digested by LEP and the resultant peptides werecommon to the structures of Val, Thr, and lle is that they
analyzed by reverse-phase HPLC, the peptide with reducedhave nonpolar methyl groups at theposition. Therefore,
Cys* and the peptides with the disulfide bond between*€ys these results suggest that the thiol group of ®ysan be
and Cy4! and between Cy¥% and Cy3* were detected replaced by a methyl group without seriously affecting the
(Figure 5b). In this case, the peptide with reduced'®ys protein stability. The thiol group of Cy® may contribute
and that with the disulfide bond between €ysand Cy$° to the protein stability by 23 °C in T, and~1 kcal/mol in
should be generated by the LEP digestion, but they mustAGy, by a hydrophobic effect. The enzymatic activities of

0.05

A230

% Solvent B (v/v)

0

Retention time (min)



Stabilization Factor of Thermophilic RNase HI

these TRNHA150-161] derivatives ranged from 87% to
168% of that of TRNHA150-161]. It remains to be
determined why all of these mutant proteins, except fdf-A
TRNH[A150-161], are more active than TRNAL50—
161].

DISCUSSION

Stabilization Mechanisms of T. thermophilus RNase HI.
We have previously shown that the sum of the local
stabilizing forces or interactions, which are independent of
one another, accounts for half of the difference in the in vitro
stability between thel. thermophilusand E. coli RNases
HI (8, 18. In this study, we showed that a disulfide bond
formed between Cy$ and Cy&*° accounts for 67 °C in
T and~3 kcal/mol in AGy, which is roughly one-fifth of
the difference in the in vitro stability between these proteins.
Since theT, value of E. coliRNase Hl is 52.0C at pH 5.5
in the presencefd M GdnHCI (8), the difference in the in
vitro stability betweerT. thermophilu®kRNase HI andE. coli
RNase HI is 31.7°C in T, under these conditions. In
addition, it has been reported that thermophilusRNase
HI is more stable thaik. coli RNase HI, by 11.8 kcal/mol
in AG[H,0] at 25°C (9). Therefore, the difference in the
in vivo stability between these proteins must-b25 °C in
Tm and 8.8 kcal/mol iMG[H 0] at 25°C. This means that
sum of the stabilizing factors identified thus far (16 in
Tm and 4.4 kcal/mol iMGy,) (18) already accounts for two-
thirds of the difference in the in vivo stability between these
proteins, if the difference in th&, values is compared. The
difference in theAG,, value betweelfe. coli RNase HI and
its variant with the highel, value of 16°C (4.4 kcal/mol)

Biochemistry, Vol. 37, No. 36, 19982647

reduced form as a tool for recombinant DNA and RNA
technologies.

Identification of a Disulfide Bond in 8AS-TRNH[A150—
161]. Peptide mapping analysis is often used to identify a
disulfide bond in a protein molecule. However, it is not
straightforward if the protein contains both reduced and
oxidized cysteine residues, ds thermophilusRNase 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 sulfhydryl/disulfide exchange reaction.
However, Cy% of T. thermophilusRNase Hl 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). There-
fore, we constructed #A®-TRNH[A150-161], which
contains only two cysteine residues at positions 41 and 149,
to provide conclusive evidence that a disulfide bond is
formed between these residues. Identification of both the
reduced and oxidized forms of'2A%3-TRNH[A150-161]
by peptide mapping analysis (Figure 5b) suggests that the
disulfide bond between C§/sand Cy$* 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. thermophilus(34, 35. An intermolecular
disulfide bond, which contributes to increasing the thermal
stability of this protein without seriously affecting the
enzymatic activity 84), is not formed in vivo but is formed
in vitro in the absence of a reducing reagest)(

may be underestimated, because it was calculated by using Possible Imolvement of cis-trans Isomerization of P8

the AS, value of 0.275 kcal/mol determined fdE. coli
RNase HI {8), which is much lower than that (0.437 kcal/
mol) determined forT. thermophilusRNase HI. Further
mutagenesis studies may allow us to identify additional
interactions that can account for the remaining difference in
the in vivo stability between these proteins, and would
thereby facilitate an understanding of the stabilization
mechanisms of thermophilic proteins.

Stabilization by Disulfide BondThe disulfide bond is one
of the structural elements of proteins. It is usually involved
in protein stabilizationZ8), predominantly by reducing the
entropy of the unfolded state of proteins (chain entropy
effect) 29—31). It has been reported that the conformational
entropy of the unfolded protein is decreased in proportion
to the increase in the natural logarithm of the number of
residues in the loop forming the disulfide borg2( 33. We
showed that the formation of the disulfide bond between
Cys* and Cy&* increased the protein stability by-& °C
in Tp. This value is comparable to those reported for the
mutant proteins of T4 lysozyme, 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 residue83). However, we should
note that the introduction of an artificial intramolecular

in the Formation of a Non-Cross-Linked ProteiliVe have
previously shown that. thermophilusRNase HI exists in a
reduced form in the absence of a reducing reagent and urea,
when it was purified in the presencé ® M urea Q). As
analyzed by CD, the secondary structure of this protein is
not denatured in the presenceE®M urea Q). However,
because the backbone structure of the C-terminal region of
this protein has not been defined by crystallographic analyses
(6), this region may be locally unfolded in the presence of
8 M urea and kept unfolded even when urea is removed.
Since this region starts from Pf§ Prd* may assume ais
conformation, anctis—trans isomerization of this residue
may create structural disorder in this region, thereby disturb-
ing the formation of a disulfide bond between &yand
Cyst®. It has been reported theis—transisomerization of

Pro often creates an additional, very slow phase in the kinetic
processes of protein unfolding and refoldin86{38).
Crystallographic studies of the wild-type protein in an
oxidized form, with a single disulfide bond between &ys
and Cy$*, will be necessary to prove this hypothesis.

The existence of two forms @f. thermophilusRNase Hl
evokes the question as to whether the previously measured
thermal denaturation curve represents that of the protein in
a reduced or oxidized form. However, because the thermal

disulfide bond can even stabilize a protein isolated from a denaturation curve of the protein in a reduced form was

hyperthermophile, which is originally highly resistant to
thermal denaturation. Since the formation of the disulfide
bond between Cysand Cy3* in T. thermophilusRNase

HI did not seriously affect the enzymatic activity, the
oxidized form of this protein might be more useful than the

nearly identical to that of the protein in an oxidized form
(data not shown), the thermal denaturation curve of 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
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temperature was increased. Therefore, the formation of the 7.

disulfide bond between C{sand Cy3*° may be accelerated

at high temperatures and completed prior to the initiation of
thermal denaturation, probably due to a dramatic increase

in the rate ofcis—transisomerization of Pr¥#8. In fact, the
peptide mapping analysis for !A®-TRNH[A150-161]

indicated that the disulfide bond was fully formed between
Cys* and Cy%* in a thermally denatured protein (Figure

5¢).
Enzymatic Actiities of Cys Mutants.The mutation of

Cyst to Ala considerably decreased the enzymatic activity
of T. thermophilufkNase HI. It has previously been shown

that this mutation increased tlig, value of E. coli RNase
HI by 13.5-fold but did not seriously alter itg, value @9),

suggesting that this mutation impairs the substrate binding
of E. coliRNase HI without seriously affecting the catalytic

efficiency. Therefore, it is unlikely that C¥is involved
in the catalytic function ofT. thermophilusRNase HI.
Instead, as proposed for Gysf E. coli RNase HI 89), the

main-chain carbonyl oxygen of this residue may be engaged
in substrate binding through hydrogen bonding. The muta-

tion of Cys®to Ala may affect the substrate binding 6f
thermophilusRNase HI more profoundly than that Bf coli

RNase HI and thereby decrease its enzymatic activity. Itis

notable that A’A*?A8A4-TRNH[A150-161] is more active
than the reduced form of BAS3TRNH[A150-161] by

~50% (Table 2). This observation was surprising, because

both of the single mutations of Ci/sto Ala and Cy%* to

Ala slightly decreased the enzymatic activity of TRNH-

[A150-161]. Since Cy¥is located relatively close to Cys

the decrease in the enzymatic activity caused by the mutation
of Cyst®to Ala may be compensated, to some extent, by the

conformational change caused by the mutation of*Cis

Ala. Further mutagenesis studies will be required to

understand the mechanism by whiclPA*A83A4-TRNH-

[A150-161] exhibited the unexpectedly high enzymatic

activity.
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