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ABSTRACT. On the basis of sequence comparison of thermophilic and mesophilic DNA binding protein
HUs, Bacillus stearothermophiluBNA binding protein HU BstHU) seems to gain thermostability with

a change in amino acid residues present on the molecular surface. To evaluate the contribution of exchange
of each amino acid to the thermostability B$HU, we constructed three mutanBstHU-T13A (Thr3

to Ala), BsHU-G15E (Gly*®to Glu), andBstHU-T33L (Thré3 to Leu), in which the amino acids BstHU

were changed to the corresponding oneBauillus subtilisDNA binding protein HU BstHU). Stability

of the mutant proteins was determined from thermal-denaturation curves. Replacemen® édcaked

in the turn region betweeml anda2 helices (HTH motif), with GluBsHU-G15E), resulted in a decrease

in thermostability, and th&,, value was 54.0C compared to th@y, value of 63.9°C for BsHU. The
mutants,BstHU-T13A andBsHU-T33L, were, by contrast, slightly more stablB.¢alues of 67.0 and

65.6 °C for BstHU-T13A andBsHU-T33L, respectively) than the wild type. We then generated the
BsuHU mutant proteirBstHU-E15G, where GItP in BstHU was in turn replaced by Gly, and we analyzed

the thermostability. This substitution clearly enhanced the melting temperature byQ 11§, value:

60.4 °C for BstHU-E15G) compared to the value f&swHU (T,: 48.6°C). Thus, Gly®° in the HTH

motif of BstHU has an important role in the thermostabilityB§HU. Characterization of the stucture

of the BsHU-G15E by'H-NMR analysis showed that solvent accessibility of amide proton of'Ata

the mutant was significantly increased compared with that of wild type, which means that the structure
of the HTH motif in the N-terminal region in the mutant was changed to a more open conformation,
thereby avoiding the interaction of Afawith either Se¥” by hydrogen bond or Afd by hydrophobic
interaction.

When attempting to produce an enhanced stability of as well as to RNA, it has been thought to play a major role
proteins, the molecular basis by which a protein has gainedin physical packing of the bacterial chromosome (Geider &
stability against stringent conditions has to be understood atHoffmann-Berling, 1981). However, receint vivo andin
the amino acid level. It is known that proteins from vuitro studies on thdescherichia coliHU revealed that HU
thermophiles are generally more stable than are correspondmay be implicated in replication (Dixon & Kornberg, 1984;
ing ones from mesophiles; therefore, thermophiles are theBramhill & Kornberg, 1988; Hwang & Kornberg, 1992),
traditional source of stable proteins. This is also the inversion (Johnson et al., 1986; Wada et al., 1989), trans-
case for the procaryotic histone-like DNA binding protein position (Lavoie & Choconas, 1990; Morisato & Kleckner,
HU. 1987), and repair (Castaing et al., 1995; Boubrik & Rouviere-

The DNA binding protein HU (HU},being ubiquitous in ~ Yaniv, 1995), as a “DNA chaperone” (Travers et al., 1994).
both eubacteria and archaebacteria, is a small, basic dimeridVloreover, it has been reported that acillus subtilisHU
protein with 96-92 amino acid residued/ of 9500 for the ~ (BsHU) is required for DNA recombination mediated by
monomer) and occurs as a homotypic dimer in solution A-recombinase (Alonso et al., 1995).

(Drlica & Rouviere-Yaniv, 1987). Since HU binds nonspe-  Four DNA binding protein HUs from Bacilli (two thermo-
cifically to both single-stranded and double-stranded DNA philes: Bacillus stearothermophiluandBacillus caldolity-
cus and two mesophilesB. subtilisandBacillus globigij,

*To whom correspondence should be addressed. have been isolated anq thel.r struc_tur.es weII_ studied as a

t Faculty of Agriculture, Kyushu University. model system for nucleic acitprotein interaction (Imber

8 Hokkaido University. _ et al.,, 1982; Dijk et al., 1983). In particular, foB.
Un”iggfi{;ate School of Genetic Resources Technology, Kyushu stearothermophilu$iU (BstHU), the primary structure was

® Abstract published irAdvance ACS Abstractdanuary 1, 1996. de_term'ned both by protein C_hem'cal me_thOdS (Kimura &

1 Abbreviations: BstHU, Bacillus stearothermophiluNA binding Wilson, 1983) and by nucleotide sequencing (Kawamura et
protein HU; BstHU, Bacillus subtilisDNA binding protein HU; HU, al., 1995). The three-dimensional structure was first analyzed
DNA binding protein HU; hbst Bacillus stearothermophilu®NA at a resolution of 2.8 A (Tanaka et al., 1984) and has recently
binding protein HU genehbsy Bacillus subtilisSDNA binding protein . A .
HU gene; HTH o-helix—turn—a-helix; SDS-PAGE, sodium dodecyl ~ Deen refined at 2.1 A (White et al., 1989), and the model
sulfate-polyacrylamide gel electrophoresis. for nucleic acid-HU interaction has been proposed.
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FiGure 1: Tertiary structure of the dimer @dstHU. The protein
model is from Tanaka et al. (1984). It should be noted that the
residues in the distal region of the arm between strands 2 and 3
(59—70) were tentatively included in this figure. Side chains are
shown only for residues where the contribution to the thermosta-
bility of BstHU was examined in this study.

Furthermore, almost alH, 13C, and**N resonance assign-
ments forBstHU have been defined in NMR experiments
(Vis et al., 1994).

On the basis of sequence comparison of these four DNA
binding protein HUs from two thermophiles and two meso-
philes, the relative thermostability in terms of the amino acid

Kawamura et al.

MATERIALS AND METHODS

Materials The DNA binding proteins HUBsHU, and
BswHU were isolated fromB. stearothermophilugnd B.
subtilis, respectively, as described by Groch et al. (1992).
Bacterial strains used as cloning hosts werecoli JIM109
and BL21(DE3). Plasmid pUC18 and expression plasmid
pET5a were obtained from TaKaRa. Restriction enzymes
and nucleic acid modifying enzymes were obtained from
GIBCO BRL and used as recommended by the supplier.
[a-32P]dCTP was purchased from Amersham Japan. Hep-
arin—agarose for purification of mutant proteins was pur-
chased from Sigma. All other chemicals were of analytical
grade, specified for biochemical use.

Site-Directed MutagenesisThe genefibstandhbsuwere
ligated to the plasmid pUC18, as described previ-
ously (Kawamura et al., 1995), and used for the site-di-
rected mutagenesis. All mutants used in the present study
were generated by the unique site elimination method
(Deng & Nickoloff, 1992) principally using U.S.E. Mu-
tagenesis kits (Pharmacia). T4 DNA polymerase was
replaced by the Klenow fragment (TaKaRa). The synthetic
oligonucleotides used were a 30 mer'GEGGTCGCT-
GAAGCAAGCGGTCTTTCCAAAS for BsHU-T13A, 24
mer: BGTCGCTGAAACAAGCGAGCTTTCC3for BsHU-
G15E, 27 mer: FTTGATTCGATTCTAGAAGCGCT-
GCGA3 for BsHU-T33L, and 24 mer: &TCGCTGAAG-
CAAGCGAGCTTTCC3 for BsHU-T13A/G15E. The
BstHU mutant BstHU-E15G was made with 28 mer:
5CTTTTTTAGACAATCCGCTTGCTTCTGC3 Struc-
tures of all mutants were confirmed by DNA sequence
determination by the dideoxy chain termination method
(Sanger et al., 1977), usinBcaBEST sequencing kits
(TaKaRa).

Expression of the Mutant Genes and Purification of

differences between the four proteins and three-dimensionalMutants  The site-specific mutants of pEibst a plasmid

structure oBsHU was discussed (Wilson et al., 1990). The
study showed that 14 amino acid differences between the
thermophilic and mesophilic proteins are restricted to the
molecular surface not implicated in the mode of DNA
binding. Thus, these changes might give rise to additional
hydrogen bonds and salt bridges that would contribute to
the thermal stabilization of the thermophilic HU. Subse-
quently, we constructed an expression plasmigstHU in
E. coli, in which theBstHU gene was placed under control
of the T7 phage promoter afigstHU was produced in large
quantities inE. coli (Kawamura et al., 1995). The recom-
binant protein thus obtained had a circular dichroism
spectrum identical to that of the authentic protein and
bound to DNA to the same extent as seen with the authentic
protein.

To evaluate the contribution of individual amino acid

for expression oBsHU, were transformed int&. coliBL21-
(DES3), and the transformants were cultivated as described
elsewhere (Kawamura et al., 1995). After confirmation of
the overexpression of recombinant proteins by SPAGE,

the recombinant proteins were purified by a hepaggarose
column. The purity of each mutant protein was checked by
SDS-PAGE, and amino acid substitution of each mutant
was confirmed by protein sequencing with the aid of a gas-
phase sequencer (Shimadzu PSQ-1).

Circular Dichroism Spectra CD spectra were measured
using a JASCO J 720 spectropolarimeter at given tempera-
tures. Proteins were dissolved in 5 mM sodium phosphate
buffer, pH 7.0, containing 0.2 M NaCl, and the protein
concentration was 0.15 mg/mL. The path length of the cells
used for the wavelength region 26250 nm was 1 cm.

Thermal Denaturation Thermal denaturation curves were

changes between thermophiles and mesophiles to the thermabbtained by monitoring the CD value at 222 nm and

stabilization ofBsHU, we made use of site-directed mu-
tagenesis of thB8sHU gene. We report here effects on the
thermostability ofBstHU when we replaced two threonine
residues, TH# and The3, in a-helices and GIp in the bend
betweern-helices (HTH motif), as shown in Figure 1. This
addresses the previous discussion in termBs#flU ther-
mostability, as to whether the extra hydrogen bonds derived
from Thr'3 and The? are critical for stability and whether or
not GIy!® in the HTH motif has an important role in protein
stability (Wilson et al., 1990).

temperature indicated. The wavelength (222 nm) used is
sensitive to the presence of any secondary structure in the
protein. The cuvette containing the sample was heated for
10 min at a given temperature by a thermostatically regulated
circulating-water bath. The fraction of native protein was
calculated from the CD values by linearly extrapolating the
pre-transition and post-transition base lines, based on the
assumption that the CD values of the pre-transition and post-
transition reflect those of the folded and unfolded proteins,
respectively. The temperature of the midpoint of the
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FiIGURE 2: SDS-PAGE ofBsHU and three mutarBsHUs. Lane

1, BsHU; lane 2,BsHU-T13A; lane 3,BsHU-T33L; lane 4,
BstHU-G15E. M indicates the standard proteins including bovine
serum albumin (67.0 kDa), ovalbumin (45.0 kDa), carbonic
anhydrase (29.0 kDag-chymotrypsinogen (25.6 kDa), myoglobin
(17.4 kDa), and lysozyme (14.3 kDa).

transition, T, at which half of each protein sample unfolds,
was determined from curve fitting of the fraction of native

protein versus temperature plots. The entropy change of

unfolding atTm, ASy,, and the enthalpy change of unfolding
at T, AHn, were calculated by van't Hoff analysis. The
difference between the free-energy change of unfolding of
the mutant proteins and that of the wild type proteimat

of the wild type protein,AAG, was estimated by the
relationship given by Becktel and Schellman (198YAG

= ATmASH(wild type), where ATy, is the change iy, of

the mutant protein relative to the wild type protein, and
ASy (wild type) is the entropy change of the wild type
protein atTy,

NMR MeasurementBstHU and BstHU-G15E were dis-
solved in 20 mM sodium phosphate buffer (99.95%0Dor
H,O/D,0O (90/10)) containing 200 mM NacCl at pH 6.92. The
protein concentration was 1 mMH-NMR measurements
were carried out on a JNM-A600 (600 MHz) NMR spec-
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Ficure 3: Circular dichroic spectra dBstHU and three mutant
BstHUs in the far-ultraviolet region. The spectra were measured
on a JASCO-J 720 spectropolarimeter at Z5. The protein
concentration was 0.15 mg/ml, as described in Materials and
Methods—, — —, -++, and— - — indicate the CD spectra &sHU,
BstHU-T13A, BsHU-G15E, andBstHU-T33L, respectively.

spectra of mutant proteins in the short-wavelength region
(200250 nm), indicating the backbone polypeptide chain
conformation, were essentially the same as that of the wild
type BsHU. Therefore, we concluded that the backbone
conformation of the mutant proteins is practically the same
as that ofBstHU.
Thermostabilities of Mutant ProteinsTo compare the

stabilities of the three mutant proteigstHU-T13A, BsHU-
G15E, andBsHU-T33L, with that of the wild typeBstHU,

trometer. Chemical shifts were measured relative to the against thermal denaturation, CD spectra of the wild type

external standard, TSP (0 ppm). AH-NMR resonances

of BstHU have been previously assigned (Vis et al., 1994).
Nomenclature DNA binding proteins fromB. stearo-

thermophilusand B. subtilisare designated aBstHU and

BsHU and three mutants were measured, and then the
magnitude of the CD band at 222 nm was followed at

different temperatures. Welfle et al. (1992, 1993) showed a
strong dependence of CD spectral property and the stability

BswtHU, respectively. The mutants are denoted using the of gsyHU, under a variety of conditions. Therefore, for this

one-letter code with the wild type residue given first,
followed by the position number, and the new residue (e.g.,
the BstHU mutant in which Thi®in the wild type is replaced
with Ala is referred to a8stHU-T13A).

RESULTS

Production and Characterization of Mutant Proteinhe
mutant proteins were expressedincoli using the expres-
sion vector pET5a and were overproduced in a similar
amount to the wild typeBstHU recombinant protein; the
yields of proteins from 1 L of culture broth were 320 mg
for all mutant proteins. The proteins were purified as done
for the wild type protein (Kawamura et al., 1995) and proved
to be homogeneous, by SBEAGE (Figure 2) and reverse-

analysis all measurements were made on samples prepared
using the same procedure and the same type of spectropho-
tometer, as described in Materials and Methods. As a typical
example, the CD spectra of the wild tyBstHU incubated

at 30-80 °C are shown in Figure 4. All mutants in this
analysis exhibited reversible denaturation: two successive
thermal denaturations of the same sample gaVg aalue
which differed by less than 0. The denaturation curves

of theBstHU wild type and three mutant proteins are shown

in Figure 5A. By assuming a two-state transition for
unfolding, the equilibrium constant between the folded and
unfolded statesKp = D/N, and the free energy change of
unfolding, AGp = —RTIn Kp, at a given temperature were
calculated from each unfolding curve. The denaturation

phase high performance liquid chromatography (data not curves were also used to determine the melting temperature
shown). The proteins thus obtained were directly subjected (T), the entropy change af, (AS»), and the enthalpy
to N-terminal sequence analysis, and mutations were con-change afl, (AHy). The stability of each mutant protein

firmed at the amino acid level (not shown).

at theT, of wild type BstHU was estimated using the relation

The secondary structure of each mutant protein and wild AAG = AT AS;, (wild type atT,). The values thus obtained
type protein was checked by examining the CD spectrum in are summarized in Table 1. The melting temperaflire

the 206-250 nm region. As shown in Figure 3, the CD

for BsHU derived from the present study was 630 which
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6 . . 1 - are in 99.95% BO after the elapse of time. Although the
spectra oBsHU andBsHU-G15E are similar in KO/D,0O
(90/10), they significantly deviate from each other in 99.95%

2 0 D,0, which means that the environment of amide protons,
z in terms of solvent accessibility, is altered by the mutation.
;0 we S In BstHU, the resonances of the a_mide protons.ofﬁP’had _
= — Ala’® decreased in intensity and disappeared with increasing
=] lapses of time, whereas the resonance of'Afemained even
= 65C after 1370 min. On the other hand, f@sHU-G15E,
= 60°C although the resonances of the amide protons of%Rired

50C Ala’® disappeared in a manner similar to that seen with

10 0TS e . BsHU, the resonance of Atadisappeared at an even faster
200 210 220 230 240 250 rate (Figure 7).
Waveleogth () DISCUSSION

Ficure 4: Circular dichroic spectra @sHU incubated at different
temperaturesBstHU was incubated at a given temperature for 10 Comparison of the amino acid sequences of the thermo-

Zlnslnd:SnC(::iE)Ze(jnft()k:’eFiCD spgctrum was measured in the same mannepilic HU proteins with those of the mesophilic HU proteins
gure 3. showed 14 amino acid exchanges, and the contribution of
such changes to protein stability was evaluated on the basis
of the crystal structure dsHU (Wilson et al., 1990). The
present study concerned mutations introduced individually
into the proteinBsHU: the replacements of two threonine
residues, THf and Th#3, with the corresponding amino acids
Ala and Leu, respectively, as present BstHU. Our
objective was to assess contribution of the hydrogen bond
to thermal stability foBstHU and the replacement of Gfy
in BstHU with corresponding Glu iBsuHU and to evaluate
the effect of a steric hindrance in the bend betweérand

was close to reported values 82 (Wilson et al., 1990) and
68 °C (Dijk et al., 1983).

Thus, Gly® to Glu mutation BstHU-G15E) resulted in a
considerable decrease in thermostability of the protein (Figure
5A). The melting temperatur@&,, for theBsHU-G15E was
decreased by 9.9C compared to 63.9C for the wild type
BsHU (Table 1). The mutation reduced thermostability of
the protein by about 8.94 kJ mdl In contrast to GI§f,
replacements of Tht and Thi® with Ala and Leu, respec-
tively, have little effect on the stability: thBstHU-T33L . ! .
was almost as stable as the wild typeAG: 1.54 kJ mot?) a2 helices on protein stability.

and theBsHU-T13A was slightly more stable than the wild ~__1ree metant proteins thus dESiQPBSHU'T13A' BS';U'
type, with aTy value of 67.0°C (AAG: 2.80 kJ mot?). G15E, andBstHU-T33L, were purified to apparent homo-

To confirm the contribution of G} to the thermal geneity from the soluble fractions of cells, and behaviors in
stabilization ofBsHU, the Gly residue was introduced at the purification procedures were almost identical with that

position 15 in the mesophilic proteiBstHU; the BStHU of the wild type. None of these mutations affected the
mutant BstHU-E15G), where GItF in BstHU was replaced secondary structure, as indicated by the far-ultraviolet CD
with Gly, was constructed, and thermostability was analyzed SPectra at 25C. Thus, one amino acid substitution does
in exactly the same manner as for B&HU mutant proteins. not affect the backbone structure of the mutant protein.
As shown in Figure 5B and Table 1, replacement of'&lu A comparison of the denaturation curves of the mutant
in BstHU with Gly resulted in an increase in protein stability, Proteins and wild type showed that only the mutation’Sly
with a T, value of 60.4°C compared to 48.8C for the to Glu reduces the stability of the protein by about 8.94 kJ
wild type BstHU. Therefore, replacement of Giyby Glu mol~* at 63.9°C. The important role of the Gly residue in
at the HTH motif in theBsHU-G15E gives rise to a  Protein stability was further demonstrated by tBeuHU
structural change which seems to contribute to the thermalMutant proteirBstHU-E15G, where the mutation Gfuto

IH-NMR Analysis of the Mutant BstHU-G15B crystal- (Table 1). Crystallographic analysisB$HU localizes Gly®
lographic analysis of the mutaBsHU-G15E, when avail-  in the bend between the two-helices and shows that this

able, will make feasible analysis of how the substitution of region of conformational space is expected to be energetically
the Gly residue affects structure of the HTH motif. To favoralee only for the glycine residue. Hence, replacement
investigate structural basis of the observed stability of the of Gly*® by Glu in the turn structure gives rise to certain

BsHU-G15E, the proteiBstHU-G15E was subjected - structural changes which may contribute to thermal desta-
NMR analysis. Figure 6 shows the aromatic proton and the Pilization of the mutant proteiBsHU-G15E.
high-field shift methyl proton regions dH-NMR spectra This was examined byH-NMR analysis of theBstHU-

at 600 MHz ofBsHU (A) andBsHU-G15E (B) in 99.95%  G15E. AlthoughtH-NMR spectra of the mutant protein and
D,O. The measurements were done at’25 As spectra ~ Wild type were almost identical, measurements made at
A and B are alike, the conformation of hydrophobic residues, different times suggested that the solvent accessibility of

including Phe residues @sHU-G15E, is much the same amide proton of Al& differs between the proteirBstHU
to those ofBsHU. and BsHU-G15E; Ala?! in the mutant protein becomes

The solvent accessibility of amide protons were then more accessible to the solvent than does*Alka the wild
evaluated by measuring théd-NMR spectra at various  type.
elapsed times after dissolving the protein igtDand results In the BstHU, Ala?! locates in the secona-helix with its
are shown in Figure 7. The spectrum at the bottom showsamide proton hydrogen-bonded to the carbonyl oxygen of
the result of measurement in,®/D,0 (90/10), and others  Sef” which is the N-terminal residue of the secamdhelix.
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Ficure 5: Thermal unfolding curves foBstHU, BstHU, and their mutant proteins. (A) Temperature dependencie§]gh | values of
BsHU (WT) and its mutantsBstHU-T13A (T13A), BsHU-G15E (G15E), an®sHU-T33L (T33L); (B) those oBstHU (B.sub WT) and
its mutantBstHU-E15G (E15G).

Table 1: Parameters Characterizing the Thermal Denaturation of (A)
BsHU, BstHU, and Their Mutants min,
AHm ASy Tm® ATm?  AAGE
protein (k3 mol=1) (kI moFtK=1) (°C) (°C) (kJ mol?) 1370 |
BsHU, wild type 304.2 0.903 63.9 360
BsHU-T13A 276.8 0.814 67.0 +3.1 +2.80 | |
BsHU-G15E 271.2 0.829 54.0-9.9 —-8.94 220
BsHU-T33L 245.0 0.724 65.6 +1.7 +1.54 I |
BstHU-T13A/G15E 262.1 0.794 57.2-7.2 —6.50 120
BstHU, wild type 176.2 0.548 48.6 | |
BswHU-E15G 220.0 0.660 60.4-11.8 +6.47
35
a2 The melting temperaturd;,, is the temperature of the midpoint \ | |
of the thermal denaturation transition shown in Figure 5A anti Bhe 5
difference in the melting temperature between the wild type and mutant
proteins, ATy, is calculated asTm(mutant) — Tm(wild type). ¢ The
difference between the free-energy change of unfolding of the wild
type and mutant proteins a, of the wild type protein AAG, was
calculated by the relationship given by Becktel and Schellman (1987), F50 A78 o)
AAG = AT ASy (wild type) as described in Materials and Methods; 0
negative values indicate less stable mutants than the wild type. - . i . i -
®)
min.
(B) 1370
360 |
220 I
120 I
Q =
5
RARM SARA1 T T T T T T T ("u'ln’!" T :*‘“'e'!'
7.2 7.4 7.0 6.9 6.8 5.7 6.6 6.5 6.4 6.3 6.2 0.6 0.5

Ficure 6: The aromatic proton and the high-field shift methyl

proton region ofH-NMR spectra at 600 MHz oBstHU (A) and

the mutantBstHU-G15E (B) in 99.95% [RO. The measurements F50 A78
were done at 25C. 0

A2

oon
T T T T T T
9.5 9.0 8.5 8.0 7.5 1.0

The side chain A makes contact with Al in the first FIGURE 7: The amide proton region of the 600 MHE-NMR
a-helix. The contact of these two residues is important for fr?:<i>rt]B%C%?esyga(@e%ngnggea?g:%rilgssg'l'uliiﬁli?& (%)] :ts25e’° Ccirﬁtn
formation _of the HTH motif. Increase in s_olvent accessibility at the bottom wag recorded in@/D,0 (90/10). The othee spectra
of the amide proton of AR by the mutation suggests that \yere recorded in 99.95%.,D.

the HTH motif became a somewhat more open structure.

The change should include the local conformational changeinevitably affects the relative orientation of the teehelices
at position 15 due to replacement of &with Glu. It was and results in the N-terminal “melting” of the secamédhelix.
therefore demonstrated that the local conformational changeln other words, the proteirBsHU might have gained
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thermostability by stabilizing twa-helices in the HTH motif
in the N-terminal region.
The HTH motif present in the N-terminal region B§HU

possibilities are now being investigated in our laboratory.
This study provides a molecular basis of the thermostability
of BsHU and gives a detailed structural basis for the DNA

is structurally similar to that found in the operator/repressor binding protein HU.

family of DNA binding proteins, such as CAP aridcro,
where the motif is directly involved in DNA binding. The
glycine residue in the bend is known to be conserved in al
of the known operator/repressor families of DNA binding
proteins, but not in HUs. Our findings show the significance
of glycine residues in maintaining the HTH motif, as a
compact structure. When glycine was substituted for othe
residues, the HTH motif in DNA binding proteins other than
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