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ABSTRACT:. The mechanisms by which thermophilic proteins attain their increased thermostability remain
unclear, as usually the sequence and structure of these proteins are very similar to those of their mesophilic
homologues. To gain insight into the basis of thermostability, we have determined protein stability curves
describing the temperature dependence of the free energy of unfolding for two ribonucleases H, one from
the mesophilé&scherichia coliand one from the thermophilehermus thermophilughe circular dichroism

signal was monitored as a function of temperature and guanidinium chloride concentration, and the resulting
free energies of unfolding were fit to the Gibbldelmholtz equation to obtain a set of thermodynamic
parameters for these proteins. Although the maximal stabilities for these proteins occur at similar
temperatures, the heat capacity of unfoldingTothermophiluRNase H is lower, resulting in a smaller
temperature dependence of the free energy of unfolding and therefore a higher thermal melting temperature.
In addition, the stabilities of these proteins are similar at the optimal growth temperatures for their respective
organisms, suggesting that a balance of thermodynamic stability and flexibility is important for function.

Proteins from thermophilic organisms offer a unique acterized, and is significantly less stable than Theher-
opportunity to study the determinants of thermostability (for mophilusenzyme, despite their 52% sequence identity (see
review, see ref§—3). Although these proteins are often very Figure 1). In addition, crystal structures, (6), shown in
similar in sequence and structure to their mesophilic homo- Figure 1, reveal very few differences; the rms deviation
logues, they are much more resistant to thermal denaturatiorbetweena-carbons in secondary structural regions is 0.95
and inactivation. Efforts to determine the origin of this A (6). Mutagenesis studie§{9) have uncovered several
thermostability have led to several hypotheses, such asspecific sites inE. coli RNase H that, when replaced with
stabilization by an increased number of ionic interactions, the corresponding residues ®f thermophilusRNase H,
an increased extent of hydrophobic surface burial, an increase thel, of the resulting protein. These stabilizing
increased number of prolines, and smaller surface lo®jps (  substitutions include a cavity-filling mutation (Val74LeT)|(
Although evidence for these and other modes of stabilization the introduction of a proline in a turn region (His62Pr8), (
can be found in specific examples, none apply to all or even and the replacement of a lysine in a left-handed helical
most thermostable proteins. If there are general rules for howconformation with a glycine residue (Lys95GIJ)( The
thermophilic proteins attain their stability, it is clear that they effects of these substitutions are roughly additiv®)(
do not lie in individual interactions; they may lie in properties indicating that they contribute individually to the enhanced
of the whole molecule, such as how the stability is distributed thermostability ofT. thermophilusRNase H. However, they
and coupled throughout the structure or how it is divided do not appear to account for the entire differenceTjn
between enthalpy and entropy. between the two RNases H.

In this paper, we compare the global stability parameters To fully describe the thermodynamic stability of
for two RNase H homologues, one from the mesophilic T thermophilusndE. coliRNases H and how this stability
bacteriumEscherichia coliand one from the thermophilic  gepends on temperature, we have determined stability curves
bacterium Thermus thermophilusRNase H 4), which  for poth proteins by measuring the CD signal as a function
cleaves RNA from RNA-DNA hybrids, is a small, single-  of temperature and GdmCI concentration. The resulting
domain protein with no prosthetic groups required for cyryes, when fit to the GibbsHelmholtz equation, allow
folding, making it a good model for studying protein the determination of the heat capacity of unfoldingCy)
thermodynamics. Th&. coli enzyme has been well char-  gng describe the enthalpic and entropic contributions to the
free energy of unfolding. Stability parameters fbrther-

" Supported by the NIH (GM50945) and the Helman Faculty Fund. mophilusandE. coli RNases H are compared, and implica-

* To whom correspondence should be addressed. E-mail: marqusee@; ; iligati i
uclinka.berkeley.edu. Fax: (510) 643-9290. @ions for the mechanism of thermostabilization are discussed.

1 Abbreviations: RNase H, ribonuclease HI; CD, circular dichroism;
GdmCl, guanidinium chloride; NaAc, sodium acetate; EDTA, ethyl- MATERIALS AND METHODS
enediaminetetraacetic acid; DTT, dithiothreitol; SBFAGE, sodium
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a4 E. coli RNase HI MLKQVE IFTDGSCLGN PGPGGYGAIL RYRGREKTEFS
T. thermophilus RNase H MNPSPRKRVA LFTDGACLGN PGPGGWAALL RFHAHEKLLS

*

AGYTRTTNNR MELMAAIVAL EALKEHCEVI LSTDSQYVRQ GITQ-WIHNW KKRGWKTADK
GGEACTTNNR MELKAATEGL KALKEPCEVD LYTDSHYLKK AFTEGWLEGW RKRGWRTAEG

* *

KPVKNVDLWQ RLDAATL.GQHQ IKWEWVKGHA GHPENERCDE LARAAAMNPT LEDTGYQVEV

KPVKNRDLWE ALLLAMAPHR VRFHFVKGHT GHPENERVDR EARRQAQSQA KTPCPPRAPT LFHEEA
*

E. coli T. thermophilus
RNase HI RNase H

Ficure 1: (a) Sequence alignment of wild-tyjge coli andT. thermophilusRNases H. Identical residues are shown in bold, and asterisks
indicate cysteine residues T thermophilu|RNase H that were mutated to serine or alanine. (b) Ribbon diagrams of the crystal structures
of E. coli (5) andT. thermophilug6) RNases H.

in E. coli. We synthesized 13 oligonucleotides covering the (1 cm cuvette) by the addition of 1 mM IPTG, and cells
entire coding and anticoding strands of the synthetic gene,were grown for an additiona2 h before harvesting by
with 42 base pair overlaps between oligonucleotides of centrifugation. To keep the four free cysteines in the wild-
opposite strands. These oligonucleotides were combined intype T. thermophilufkNase H reduced, the entire purification
equimolar ratios, annealed, and ligated together. The correcfor this protein was carried out at pH 5.5 in the presence of
product was amplified by PCR and cloned into a pAED4 fresh 1 mM DTT. Cell pellets were resuspended in 20 mM
vector (L1), and both strands of the coding region in the NaAc, 0.1 mM EDTA, and 1 mM DTT (pH 5.5) and lysed
resulting plasmid (pJH105) were sequenced. Plasmids encodby sonication. The solluble f_raction was Ioadgd onto a heparin
ing three cysteine-free variants of thermophiluRNase H ~ ¢olumn and eluted with a linear NaCl gradient (0 to 0.6 M
were created by site-directed mutagenesis of pJH105 usingNaCl). Fractions containing RNase H were pooled, loaded

the Kunkel methodi(2). Details of all plasmids are available ~©ONt0 & Source 15S column [in 20 mM NaAc, 200 mM NaCl,
upon request. The variants are described below using a0-1 MM EDTA, and 1 mM DTT (pH 5.5)], and eluted with

numbering system in which the amino acid residued of a Iineqr NaCl gradient (0.2 to 0.5 M NacCl). Pooleq fractions
thermophilusRNase H are numbered sequentially starting WE'® judged to be pure by SB®AGE. Cysteine-free

at the amino terminus of the protein; this differs from the T. thermophilusRNase H variants were purified similarly;

numbering system used for the sequence in the protein da,[ahowever, the sonication and heparin column purification steps

bank, in which residues are numbered to correspond to' o e carried out at a higher pH [50 mM Tris-HCI, 20 mM
S ) P NaCl, and 0.1 mM EDTA (pH 8.0)], and DTT was omitted
residues irk. coli RNase H.

from all buffers. Cysteine-fre&. coli RNase H E. coli
Protein Expression and PurificatiorPlasmids encoding RNase H*) was a gift from J. Kho and was purified as

the wild-type or mutantl. thermophilusRNases H were  described previouslylQ).

transformed intcE. coli DE3 pLysS (Novagen) cells, and GdmCl-Induced and Thermal Denaturatidircular dichro-

the cells were grown at 37C in Luria broth with 100ug/ ism (CD) measurements were carried out on an Aviv 62DS

mL ampicillin. Expression was induced at an £§of ~0.6 spectrometer with a Peltier temperature-controlled cell holder.



Thermodynamics of RNases H Biochemistry, Vol. 38, No. 12, 1998833

For all samples described below, each CD measurement isalso fit globally to a model including all of the above
an average of the signal at 225 nm for 1 mimail cmpath considerations, with the additional assumption that rihe
length cuvette. value does not change with temperature. The program
For experiments with the wild-typE. thermophiluskNase SigmaPlot (Jandel Scientific) was used for this fit, and 10
H, samples containing 4@g/mL protein, 5 mM NaAc, 50 parameters were included. Six described the intercepts of
mM KCI, 1 mM DTT (pH 5.5), and the appropriate the unfolded and folded baseplangsatdi,) and their slopes
concentration of GAmCI were allowed to equilibrate over- with respect to temperatures,{ and s,) and GdmCI
night before the CD signal was measured. For thermal concentrationg,gands, g, as shown in egs 3 and 4. These
denaturation, the CD signal was recorded evefAC3with parameters were used to relate the CD signal of each data
a 3 min equilibration time at each temperatured arll. min point to an equilibrium constant aniGy.
averaging time. Reversibility was determined by returning

to the beginning temperature and comparing the CD signal unfolded signak i, + s,,T + 5, /GdmCI]  (3)
to the premelt signal. . . .
Thermal denaturation experiments with cysteine-free RNase native signak= i, + s, T + s, JGdMCI] (4)

H variants were carried out as described above, and contained
40 ug/mL protein, 5 mM NaAc, and 50 mM KCI (pH 5.5).  The other four parameteraH°, AC,, Tr,, andm, described
The cysteine-fred@. thermophiluskNase H with the highest  the dependence oAGu on temperature and GdmCl
Tm (C17A/C45S/C67A/C154S) was chosen for further analy- concentration (eq 5).
sis and is referred to ab. thermophilusRNase H*.

GdmCl-induced denaturation &. coliandT. thermophi-  AG (T, [GdMCI]) = AH® — TAH®/T, +
lus RNases H* was performed by the serial addition of a AC[T — T, — TIn(T/T.)] — mGdmCI] (5)
solution containing a high GdAmCI concentration,/4mL P m m
protein, 5 mM NaAc, and 50 mM KCI (pH 5.5) into a starting
solution containing the above without GdmCI. For each
protein, the same starting and titrant solutions were used to
measure the GdmCI-induced equilibrium unfolding at eight
or nine different temperatures ranging from 5 to°60 The
time necessary to reach equilibrium (3 min to several hours)
varied with protein, denaturant concentration, and temper-
ature, and was ensured by monitoring the CD signal over

Accessible Surface Area Calculatiodgcessible surface
areas for the crystal structures Bf coli (5, 16) and T.
thermophilus (6) RNases H were calculated using the
program PQMS17) with a probe radius of 1.4 A. Unfolded
surface areas were calculated as the sum of surface areas
for individual residues, based on model Ala-X-Ala tripeptide
studies by Lee and Richard&8g).

time until no further change was observed.
Denaturation and Stability Cue Data Analysis We RESULTS
determined free energies of unfoldintyG@,n) from GdmCl Stability of Wild-Type T. thermophilus RNaseWe have

denaturation off. thermophilusandE. coli RNases H* at constructed a synthetic gene encoding the wild-type
several temperatures, assuming a two-state model and a lineathermophilusRNase H (see Materials and Methods). The
relationship betweeAG,s and [GAmMCI] (4). Thermal melts expressed protein, which contains four cysteines, was purified
were fit to determine th&, for each protein, using a two-  and characterized at pH 5.5 in the presence of 1 mM DTT,
state model and the Gibbslelmholtz relationship between to avoid cysteine oxidation. The stability was evaluated by
AGyns and temperaturelp). GdmCl-induced and thermal denaturation, monitored by
The resulting free energies of unfolding were plotted as a circular dichroism. The resultindG, at 25°C was 13.3
function of temperature. Far. thermophilufRNase H*, an kcal/mol, assuming a two-state transition and a linear
additional point at thd, (AGu.s = 0) was included; th&, dependence ohG,s on GAmCI concentratiorild); and the
was not included foE. coli RNase H* as thermal denatur- T, was 89°C in the absence of denaturant (77Gin 1 M
ation of this protein in the absence of denaturant was not GAmCI), also assuming a two-state transition, and using the
reversible. These data\Gyns vs T) were fit to the Gibbs Gibbs—Helmholtz equation to describe the temperature
Helmholtz equation (eq 1) dependence oAGyn (15). The stability of the protein at
25 °C was also calculated indirectly with the Gibbs
AGyys = AH® = TAS + AC[T — T° = TIn(T/T°)] (1) Helmholtz equation, using tHE, of 89 °C and aAC, of 1.8
kcal mol? K™%, that of the cysteine-fre&. thermophilus
where AH® and AS’ refer to the enthalpy and entropy of RNase H* (see below). The calculat&@.; was identical
unfolding at the reference temperatdie respectively, and g that determined by GdmCI denaturation, lending support
AG, is the heat capacity of unfolding, assumed to be constant;q the assumptions and analysis.

in this temperature range. WhetGuy = 0 (i.e., at theTn), Cysteine-Free Variants of RNase When purified in the
AS’ = AH°/T, so using thel, as the reference temperature  ;psance of a reducing agent, wild-tyfe thermophilus
allowed us to fit the data to a modified version of the Gibbs  rNase H tends to unfold in a noncooperative manner by
Helmholtz equation (eq 2) to determine théi®, AC,, and 4 GdmCl-induced and thermal denaturation, presumably
Tm for each protein. due to unwanted cysteine chemistry. To avoid this problem,

_ o _ o . _ as well as to increase expression levels, we created variants
AGyn = AH® = TAH Ty, + ACT = Ty = TIn(T/T,)] in which all four free cysteines were replaced by either serine
) or alanine. Three variants were made. One contains four

For T. thermophiluRNase H*, the raw data (CD signal as serines in place of the cysteines; one contains four alanines,
a function of temperature and GdmCI concentration) were and one contains alanines in place of the two buried cysteines
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Ficure 2: GdmCl-induced denaturation @&. coli (a) andT.
thermophilus(b) RNases H* at various temperature®) 5, (Od)

10, ) 15, (x) 20, @) 25, (a) 30, (») 40, (#) 50, and {+) 60°C.
Denaturation was performed by the serial addition of a GdmCI-
containing solution [40ug/mL protein, 6.6 M GdmCI forT.
thermophilusRNase H* or 7.2 M GdmCI foE. coli RNase H*, 5
mM NaAc, and 50 mM KCI (pH 5.5)] into a starting solution [40
ug/mL protein, 5 mM NaAc, and 50 mM KCI (pH 5.5)]. After
equilibration, the CD signal at 225 nm (1 cm cuvette) was averaged
for 1 min for each point. Each curve was fit to a two-state model,
assuming a linear dependenceAss,,s on GdmCI concentration.
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Ficure 3: Protein stability curves foE. coli (O) andT. thermo-
philus (®) RNases H*. Each point representa\&,s determined
from an isothermal GdmCl-induced denaturation experiment, with
an additional point for thel, of T. thermophilusRNase H*,
determined by reversible thermal denaturation. Lines represent fits
to the Gibbs-Helmholtz equation.

Table 1: Thermodynamic Parameters ErcoliandT.
thermophilusRNases H#*

E. coliRNase H*

T. thermophiluRNase H*

Tm 339+ 1K (66°C) 359+ 1 K (86°C)
AC, 2.7+ 0.2 kcal 1.8+ 0.1 kcal
mol~1 K1 mol~t K1
AH° 120+ 4 kcal/mol 1314 5 kcal/mol
Ts 297 K (24°C) 293 K (20°C)
AGq 7.5 kcal/mol 12.7 kcal/mol
AGynt 6.8 kcal/mol (at 37C) 5.6 kcal/mol (at 68.5C)
(at optimum

growth temp)

a8 Tm, AHu, and AC, were determined from fits of the protein
stability curves to the GibbsHelmholtz equation; errors shown are
for the fits. Ts (temperature of maximal stability)AGs (maximal
stability), andA G, at the optimal growth temperature were calculated
on the basis of the stability curve fit results.

curves shown in Figure 3. Th&, determined by thermal
denaturation was also included as a single pal®(;; =

0) for T. thermophilusRNase H*. However, as thermal
denaturation foiE. coli RNase H* was not reversible, the

mvalues shown in the insets were determined from these fits and Tr for this protein might not reflect equilibrium unfolding

represent the slope &Gy, vs GdmCI concentration.

(Cys17 and Cys67) and serines in place of two more expose

cysteines (Cys45 and Cys145). Although the thermostabilities

of these variants are similar (thdig’s are within 2°C), the
mixed Ser/Ala variant is slightly more thermostable than the
others, with ar,, of 86 °C. We chose to continue work with
this protein, referred to a$. thermophilusRNase H*. A
similar variant ofE. coli RNase H, in which the three free

and was not included in our analysis. The two stability curves

gwere fit to the Gibbs-Helmholtz equation (eq 2) to obtain

the thermodynamic parametek&,, AH®, andT, (Table 1).

The mvalues describing the GdmCI concentration depen-
dence ofAG, for T. thermophilusRNase H* do not vary
significantly with temperature (Figure 2b). This allowed us
to fit the raw data globally, i.e., in a single step, as described
in Materials and Methods. This analysis resulted in thermo-

cysteines have been replaced with alanine, was used for alldynamic parameters fdr. thermophilusRNase H* that were

thermodynamic analyses here and is referred t&.asoli
RNase H*.

Stability Cuwes of E. coli and T. thermophilus RNases
H*. The stabilities of bothE. coli and T. thermophilus

identical within error to those determined by the two-step
fitting method. A similar global analysis of the coliRNase

H* data was not performed, as thevalues for this protein
appeared to increase with temperature (Figure 2a).

RNases H* at several temperatures were determined by T. thermophilusRNase H* is more stable thaB. coli

GdmCl-induced denaturation, monitored by circular dichro-
ism. The GdmCI denaturation profiles, shown in Figure 2,
were fit to a two-state model ), as described in Materials
and Methods. For each proteinhG,y was plotted as a
function of temperature, resulting in the protein stability

RNase H* at all temperatures, as seen in Figure 3 and Table
1. TheT, for T. thermophilusRNase H* (86°C) is 20°C
higher than that foE. coli RNase H* (66°C), and theAC,

is 0.9 kcal mof! K~1 lower (1.8 vs 2.7 kcal mol K1),
indicating a shallower dependence of th&,; on temper-
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ature. Despite these changes, the temperatures of maximaindicating that the more conservative substitution for solvent-
stability for the two proteins both occur near room temper- exposed cysteine residues is serine, and for buried cysteines

ature.

The parameters determined from fitting these protein
stability curvesAC,, AH®, andTr,, can be used to calculate
the stability of these proteins at any temperature. Alg.s
values forT. thermophiluandE. coliRNases H* calculated

is alanine.

The collection of denaturant and thermal melts presented
here has allowed a complete description of the thermody-
namic stability of T. thermophilusandE. coli RNases H*.
The protein stability curves shown in Figure 3, and the

at the optimal growth temperatures of their respective host parameters obtained from fitting these curves to the Gibbs
organisms are shown in Table 1. These stabilities (5.6 kcal/ Helmholtz equation shown in Table 1, indicate that

mol at 68.5°C for T. thermophilusRNase H* and 6.8 kcal/
mol at 37°C for E. coliRNase H*) are quite similar, despite
the 30°C difference between the bacterial growth temper-
atures ).

DISCUSSION

Protein stability curvesAGyns VS temperature) describe
in detail the thermodynamics of protein unfolding. We have
determined stability curves for two RNases H, one from the
mesophileE. coli and one from the thermophile thermo-
philus, by measuring the CD signal as a function of GAmCI
concentration and temperature. The results indicateTthat
thermophilusRNase H achieves its increased thermostability
through both a higher maximalG,s and a lowerAC,.

Our initial characterization of. thermophilusRNase H
was carried out with the wild-type protein, which contains
four cysteines. We determined the stability of this protein
by GdmCI denaturation at 2% and pH 5.5, in the presence
of 1 mM DTT. The AGyn determined here (13.3 kcal/mol)
is much lower than the previously published value (28.9
0.8 kcal/mol) (9). Our confidence in the stability we have
determined stems from the reproducibility of our GdmCI-

thermophilusRNase H* achieves its thermostabilization
through two mechanisms. First, the thermophilic RNase H*
has a higher maximal stability, resulting in an upward shift
of the entire stability curve to a high&G,s range. Second,
the AC,, for T. thermophiluRNase H* is lower than that of
its mesophilic counterpart by 0.9 kcal mdlK 1, resulting

in a smaller dependence of the5,r on temperature, or a
flattening of the stability curve.

The lower AC, for T. thermophilusRNase H* has
interesting implications in the evaluation of the entropic and
enthalpic contributions to the stabilization of this protein.
BecauseAG, is related to the temperature dependencies of
both AS,r and AH,yf, these two parameters vary less with
temperature foil. thermophiluRNase H* than folE. coli
RNase H*. In addition, the maximal stabilities of the two
proteins, wher@ AS,q¢ is zero, occur at similar temperatures,
indicating thafTAS,,s and AHyy¢ for T. thermophilufRNase
H* are similar to TAS,,s and AHy for E. coli RNase H*
near this peak in the stability curves. Specifically, the data
from the stability curve fits show that at 3Z, the TAS,¢
values for the two proteins are equivalent, and at@,their
AHyn¢ values are equivalent, with both terms being lower

induced denaturation, and the agreement between thisfor T. thermophilusRNase H* above these temperatures.

stability and theAG,¢ calculated on the basis of thig, of
wild-type T. thermophilusRNase H (89°C) and theAC,
(1.8 kcal mot! K1) of T. thermophiluskRNase H*, a variant

Therefore, at higher temperatures32 °C), T. thermophilus
RNase H* achieves its stabilization by entropic means (lower
TAS.n), whereas at lower temperatures37 °C), it achieves

in which the cysteines have been replaced. In addition, whenits stabilization through enthalpy (high&H,). This pattern

we fit the published CD data to a two-state model for GAmCI-

of stabilization indicates a smaller hydrophobic effect, which

induced denaturation using the same method we used to fittends to favor folding at high temperatures by enthalpy and

our data, we obtain AG,y of 12.5+ 1.8 kcal/mol, which

is much more similar to our result. This fitting method entails
a global analysis of the CD data, in which the entire
denaturation profile is used to fit parameters for the folded

at low temperatures by entropy, and which is responsible
for the largeAC, of proteins in general.

The thermodynamic paramet&C, is thought to arise
chiefly from the hydration of surface area that is exposed

and unfolded baselines as well as the transition region. Last,upon unfolding of the protein2@). However, the changes

the previously published, for this protein h 1 M GdmClI
under reducing conditions [77° (20)] is identical to our

in accessible surface are@ASA) between the unfolded and
folded states of the two RNases H are quite similar [12 916

T under similar conditions, suggesting that the discrepanciesA2 for E. coliRNase H §) vs 12 687 & for T. thermophilus

in AGyys are not due to the protein itself but to differences
in data analysis. Despite being lower than the previously
reported data, thé\G,, determined here is significantly
higher than that of both the wild-tyge. coli RNase H 21)
and E. coli RNase H*, in which the cysteines have been
replaced by alanines.

Wild-type T. thermophilusRNase H contains four free
cysteines, and to avoid cysteine chemistry that could

RNase H 6)]; their difference is smaller than the difference
in AASA obtained merely by using various crystal structures
of E. coli RNase H for the calculation [12 9162Aising the
structure determined by Katayanagi et &) ys 12 306 &
using that determined by Yang et allgf]. In addition,
although the ratio of nonpolar to polAASA is consistently
lower for T. thermophilufRNase H, predicting a lowexC,,

the difference is again small. Equations developed by Gomez

complicate our thermodynamic analyses as well as storageet al. 2) and Myers et al.Z3) to determineAC, from such

of the protein, we designed a cysteine-free varidnt,
thermophilusRNase H*. This variant (C17A/C45S/C67A/
C154S), although slightly less stable than the wild-type
protein, remains a good model for a thermophilic RNase H,
with a AGs of 12.2 kcal/mol at 25C and aT, of 86 °C.
This protein is more thermostable than variants in which all
of the cysteines were replaced with serine or all with alanine,

calculations predict differences of less than 0.2 kcal thol
K1 in the AC, between the two proteins. This lack of
agreement between tAASA calculations and the measured
AC, values is difficult to interpret, and may be due to the
relatively low resolution of theT. thermophilusRNase H
crystal structure, which does not include 19 of the 166
residues, due to disorder in the crysta). (
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It has been observed previously that thermophilic proteins 2.
often have increased thermodynamic stability at low tem- 3.
peratures, but in very few instances has th€, for a
thermophilic protein been directly compared to that of a %
mesophilic homologue. Protein stability curves have been
determined for two small thermophilic DNA binding pro-
teins, Sac7d fronsulfolobus acidocaldariu@4) and Sso7d 5
from Sulfolobus solftaricug25). Although both display
shallow temperature dependencies of their stabilities, their
AC, values are not significantly lower than those for 6
mesophilic proteins of similar size, and there are no direct
mesophilic homologues available for comparison. Stability
curves have also been determined for phosphoglycerate
kinases from yeast26) and from the hyperthermophilic 8
Thermotoga maritimg27). Although noAC, was reported
for the Th. maritimaprotein, the temperature dependence of 9.
its AGyns appears to be larger than that for the yeast protein;
in this case, the hyperthermophilic protein seems to gain the
bulk of its thermostability by an upward shift of the stability
curve to a higheAG,. Last, in a recent study of archaeal
histones 28), stability curves for a mesophilic and three 4,

11.

thermophilic homologues were compared, and the proteins
were found to have similakC, values. Thus, the lowexC, 13.
of T. thermophilusRNase H* is one of the first examples of

this mechanism of thermostabilization. 14.

Last, the stabilities of . thermophilusindE. coliRNases
H* at the optimal growth temperatures of their host organ-
isms are quite similar (5.6 and 6.8 kcal/mol, respectively).
This observation suggests that a balance between stability
and flexibility is necessary for enzyme function, and is 17
consistent with the lower activity df. thermophilusRNase 18.
H* at 25°C (19). This phenomenon has also been observed
in thermophilic and mesophilic archaeal histon28) ( 19.

Overall, these experiments indicate that the relative
importance of entropy and enthalpy in stabiliziig ther- 20.
mophilusRNase H* over its mesophilic homologue varies
with temperature, but that at all temperatures the thermophilic
protein has a higher stability. It will be interesting to see
how this stability is distributed structurally and how tightly 22
coupled the structural regions are. Toward this end, we have

15.

21.

begun native state hydrogen exchange experimegts0), 23.
to determine the stability of different regions Bf thermo-
philusRNase H* for comparison witk. coli RNase H*, in 24.

hopes of gaining further insight into the mechanisms of

thermostabilization. 25,
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