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ABSTRACT: Proteins from thermophilic organisms are able to function under conditions that render a typical
mesophilic protein inactive. Pairwise comparisons of homologous mesophilic and thermophilic proteins can
help to identify the energetic features of a protein’s energy landscape that lead to such thermostability.
Previous studies of bacterial ribonucleases H (RNases H) from the thermophile Thermus thermophilus
and the mesophile Escherichia coli revealed that the thermostability arises in part from an unusually low
change in heat capacity upon unfolding (ΔCp) for the thermophilic protein [Hollien, J., and Marqusee, S.
(1999) Biochemistry 38, 3831-3836]. Here, we have further examined how nearly identical proteins can
adapt to different thermal constraints by adding a moderately thermophilic homologue to the previously
characterized mesophilic and thermophilic pair. We identified a putative RNase H fromChlorobium. tepidum
and demonstrated that it is an active RNase H and adopts the RNase H fold. The moderately thermophilic
protein has a melting temperature (Tm) similar to that of the mesophilic homologue yet also has a surprisingly
low ΔCp, like the thermophilic homologue. This new RNase H folds through a pathway similar to that of
the previously studied RNases H. These results suggest that lowering the ΔCp may be a general
strategy for achieving thermophilicity for some protein families and implicate the folding core as the major
contributor to this effect. It should now be possible to design RNases H that display the desired thermophilic
or mesophilic properties, as defined by their ΔCp values, and therefore fine-tune the energy landscape
in a predictable fashion.

Proteins from thermophilic organisms have the remarkable
ability to remain folded and functional at temperatures where
proteins from mesophiles are usually unfolded and inactive.
Understanding the mechanisms by which these proteins have
been optimized to function under such extreme conditions
would provide great insight into the rules governing protein
stability and thermodynamics. An obvious first step toward this
goal is to compare the similarities and differences between sets
of homologous proteins from thermophilic and mesophilic
organisms. Such structural comparisons reveal that, as ex-
pected, the homologous proteins show nearly identical folds,
and while specific changes in the side chains and their interac-
tions can be seen, there are few generalizable rules (1-7).
Similarly, sequence-based comparisons have been unable to
determine any single model for thermal adaptation (8, 9),
concluding that residue-level control of energetics does not
obey any obvious rules. Furthermore, the sequence simila-
rity between thermophilic and mesophilic homologues is gen-
erally the same as that between two mesophilic homologues.

Thus, there is no easy way to computationally determine
whether a given protein originates from either a thermophilic
or mesophilic organism.

Despite the difficulties in determining thermophilicity compu-
tationally, bioinformatic studies have found some general struc-
tural and sequence-based features that tend to correlate with the
optimal growth temperature of organisms (6, 9-11). None of
these features are present in all thermophilic proteins, and there
are exceptions to every rule that has been proposed. The simplest
experimental approach employed to probe the basis of thermal
stability in proteins has been to make point substitutions in
mesophilic proteins that lead to an increasedmelting temperature
(Tm) of the protein. The Tm of a specific protein can be naively
increased by a simple residue replacement, resulting in introduc-
tion of specific stabilizing interactions. This approach, however,
rarely results in a truly thermophilic protein but rather creates
a hyperstable mesophilic protein (12, 13).

Alternatively, thermodynamic characterization can usually
differentiate between homologous thermophilic and mesophilic
proteins. While the melting temperature of the thermophilic
protein is generally higher than that of the mesophilic counter-
part, studies on multiple pairs of thermophilic and mesophilic
proteins show that they use various methods, including a change
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in enthalpy (ΔH), a change in heat capacity upon unfolding
(ΔCp),

1 or a change in overall stability (ΔG) (14-18), to tune their
thermal stabilities.

Ribonuclease H (RNase H) has proven to be an excellent
model protein for such thermodynamic studies. RNase H is a
well-characterized nuclease that specifically digests the RNA
strand of RNA-DNA hybrids. It is found in many different
organisms, and in all cases examined, it folds into a single
R+β domain ranging from 130 to 166 amino acids displaying
the so-called RNase H fold (1, 19). The energy landscapes of two
RNases H, those fromThermus thermophilus andEscherichia coli
(TthRNH and EcoRNH, respectively), have been extensively
studied via thermal and chemical denaturation as well as hydro-
gen exchange (16, 20, 21). The stability curves (temperature vs
ΔGunf profile) show that, in addition to a higher melting
temperature (Tm), TthRNH has a dramatically lower change in
heat capacity upon unfolding (ΔCp) and a higher overall stability
(ΔGunf) than EcoRNH (19). While the different ΔGunf value was
not unexpected, the variation in ΔCp was quite surprising.
Previous studies have determined that ΔCp correlates strongly
with the change in solvent-exposed surface area upon unfolding
(ΔASA) (22), and because the two proteins bury a similar amount
of nonpolar surface area when folded, it was expected that they

would share similar ΔCp values. After this was determined to not
be the case, further studies revealed that the folding core of
TthRNH is largely responsible for its low ΔCp (23) and that
substituting a single polar residue into the core region results in a
more mesophile-like ΔCp (24). Differential scanning calorimetry
assigns the unusually low ΔCp to an unexpectedly low absolute
Cp of the unfolded state (25). All of these data can be explained by
the hypothesis that TthRNH buries some hydrophobic surface
area in the unfolded state (23, 25). The residual structure is
thought to arise from the core of TthRNH, but the nature of this
residual structure and how it is encoded in the sequence is
unknown. Experimentally, this has been particularly challenging,
as the unfolded state is not significantly populated under
native conditions. Moreover, whether this unusually low ΔCp is
a general feature of thermophilic proteins, or even thermophilic
RNases H, is unclear.

To further probe the role of such residual structure in the
unfolded state of thermophilic proteins, as well as to determine
whether such behavior can be generalized to other thermophilic
proteins, we have characterized a putative RNase H from the
moderately thermophilic Chlorobium tepidum. C. tepidum has an
optimal growth temperature (48 �C) between those of E. coli
(37 �C) and T. thermophilus (68 �C) (26). These three RNases H
have pairwise sequence identities greater than 50% and simila-
rities greater than 70% (Figure 1). We have demonstrated
that the putative protein is indeed an RNase H, determined the
crystal structure of C. tepidum RNase H* (the asterisk denotes
a cysteine-free variant of the protein), and determined that it
shows few changes from the structures of the other two
molecules, with an R-carbon root-mean-square deviation (rmsd)
of <1.5 Å across all three proteins. We describe structural,

FIGURE 1: (A) Sequence alignment of T. thermophilus, C. tepidum, and E. coli RNases H* with conserved thermophilic residues colored red,
conserved mesophilic residues blue, and invariant residues gray. Former cysteines inC. tepidum and E. coliRNases H are marked with asterisks
above the residue inquestion. (B)CanonicalRNaseH fold (in this case,C. tepidumRNaseH)with thermophilic residues shown as red spheres and
mesophilic residues as blue spheres.

1Abbreviations: CD, circular dichroism; RNase H, ribonuclease H;
ΔCp, change in heat capacity upon unfolding; ΔGunf, change in free
energy upon unfolding (Gu - Gf); CtepRNH, ribonuclease H from
Chlorobium tepidum; EcoRNH, ribonuclease H from Escherichia coli;
TthRNH, ribonuclease H from Thermus thermophilus; CtepRNH*,
cysteine-free version of ribonuclease H from C. tepidum; EcoRNH*,
cysteine-free version of ribonuclease H from E. coli; TthRNH*,
cysteine-free version of ribonuclease H from T. thermophilus; PDB,
Protein Data Bank.
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thermodynamic, and kinetic analyses of the moderately thermo-
philic RNaseH homologue, which are suggestive of a lowΔCp as
a general property of thermophilic RNases H.

EXPERIMENTAL PROCEDURES

Cloning and Expression of C. tepidum RNase H. The
ribonuclease H gene was amplified from C. tepidum genomic
DNA (obtained from ATCC) by PCR using primers designed
to add flanking KpnI and NdeI restriction sites, which were used
to insert the gene into a pAED4 vector (27). Both strands of the
coding region in the resulting plasmid (pKR203) were sequenced.
Standard QuikChange (Stratagene) mutagenesis was used to
create a cysteine-free variant in which all three cysteines
were replaced with alanines (pKR201). The gene for wild-type
CtepRNH was subcloned into a pET27 vector (Novagen)
containing a thrombin site followed by an N-terminal six-
His tag for ease of purification (pKR200). Plasmids enco-
ding CtepRNH or CtepRNH* were transformed into E. coli
BL21DE3 Codon+ cells (Novagen), and the cells were
grown at 37 �C in Luria broth with 200 μg/mL ampicillin
and 25 μg/mL chloramphenicol. Expression was induced at
an OD600 of 0.6 by the addition of 1 mM IPTG, and cells were
grown for an additional 3 h before being harvested by centri-
fugation.
Purification of C. tepidumRNases H. Purification of wild-

typeCtepRNHwas conducted at pH 8.0 in the presence of fresh 1
mM tris(2-carboxyethyl)phosphine (TCEP). Cell pellets were
resuspended in 50 mM Tris (pH 8.0), 20 mM NaCl, and 1 mM
TCEP and lysed by sonication. The soluble fraction was
loaded onto a HiTrap Heparin HP column from GE Health-
care and eluted with a linear NaCl gradient (from 0.02 to
0.8 M). Fractions containing RNase H were pooled, loaded
onto a HisTrap nickel column from GE Healthcare {in
nickel buffer A [20 mM NaPO4 (pH 8.0), 0.5 M NaCl,
30 mM imidazole, and 1 mM TCEP]}, and eluted with a step
to 500 mM imidazole. Pooled fractions were incubated overnight
with thrombin to cleave the histidine tag and dialyzed back into
nickel buffer A. His tag-free protein was reloaded onto the nickel
column, the flow-through collected, and the resulting protein
judged to be >98% pure by SDS-PAGE. CtepRNH* variants
were purified similarly; however, in the sonication and heparin
column purification steps, TCEP was omitted from all buffers
and the nickel column was replaced with a Source 15S column.
Fractions from the heparin column containing cysteine-free
RNase H were pooled, loaded onto the Source 15S column [in
20 mMNaAc (pH 5.5), 200mMNaCl, and 0.1 mMEDTA], and
eluted with a linear NaCl gradient (from 0.2 to 0.6 M). Fractions
were pooled and judged to be >98% pure by SDS-PAGE.
GdmCl-Induced and Thermal Denaturation. Circular di-

chroism (CD) measurements were taken on an Aviv 62DS
spectropolarimeter with a Peltier temperature-controlled cell
holder. For all samples described below, each CD measurement
is an average of the signal at 222 nm for 1 min, in a 1 cm path
length cuvette.

For experiments withCtepRNH, samples containing 50μg/mL
protein, 20 mM NaAc (pH 5.5), 50 mM KCl, 1 mM TCEP, and
the appropriate concentration of GdmCl were allowed to equili-
brate overnight before the CD signal was measured. For thermal
denaturation, the CD signal was recorded every 3 �C,with a 5min
equilibration time and a 1 min averaging time at each tempera-
ture. At the end of the melt, reversibility was determined by

returning to the beginning temperature and comparing the CD
spectrum from 200 to 300 nm to the premelt spectrum. Experi-
ments with the cysteine-free mutant C. tepidum RNase H* were
conducted under identical conditions, but lacking TCEP.

GdmCl-induced denaturation of CtepRNH* was also per-
formed by the serial addition of a solution containing pro-
tein at a high GdmCl concentration, 50 μg/mL protein,
20 mM NaAc, and 50 mM KCl (pH 5.5) to a starting solution
containing the above withoutGdmCl. For each protein, the same
starting and titrant solutions were used to measure the GdmCl-
induced equilibrium unfolding at 10 different temperatures
ranging from 5 to 50 �C. Additional data were collected by
preparing 25 samples at varying concentrations of GdmCl and
collecting temperature melts every 5 �C from 5 to 60 �C. Data
from temperature melts at varying concentrations of GdmCl and
data from GdmCl-induced melts at varying temperatures were
both used for generation of the stability curves.
Denaturation and Stability Curve Data Analysis. Free

energies of unfolding (ΔGunf) were determined from GdmCl-
induced denaturation of CtepRNH* at several temperatures,
assuming a two-state model and a linear relationship be-
tween ΔGunf and concentration of GdmCl (28). To determine
the Tm for each protein, thermal melts were fit using a two-
state model and the Gibbs-Helmholtz relationship between
ΔGunf and temperature (29). The resulting free energies of
unfolding obtained from the denaturant melts were plotted as
a function of temperature, with a single point added for the
Tm (ΔGunf = 0). These data (ΔGunf vs T ) were fit to a modified
Gibbs-Helmholtz equation (eq 1) using the Tm as a reference
temperature:

ΔGunf ¼ ΔH�- T
ΔH�
Tm

þ ΔCp T - Tm - T ln
T

Tm

� �� �
ð1Þ

Crystal Structure of CtepRNH*. CtepRNH* was crystal-
lized by the hanging-drop method. Lyophilized protein was
dissolved in water, resulting in a final protein concentra-
tion of 10 mg/mL. Crystals of CtepRNH*, were grown
in 20% PEG 4000, 0.1 M Na HEPES (pH 7.5), and 10%
2-propanol, cryoprotected under the same conditions but with
an additional 30% 2-propanol, flash-frozen in liquid nitrogen,
and screened for diffraction. A full X-ray diffraction data set
was collected at Stanford Synchrotron Radiation Laboratory
beamline 11-1 from a crystal that diffracted to 1.6 Å.

To determine the crystal structure, more protein was expressed
in minimal medium incorporating selenomethionine and again
crystallized, this time from a final protein concentration of
5 mg/mL. The hanging-drop method was used to set new trays
with SeMet CtepRNH*, resulting in crystals from a drop
containing 26% PEG 4000, 0.2 M NH3Ac, and 0.1 M NaAc
(pH 5.4). Crystals were cryoprotected by addition of 30%MPD
to crystallization conditions and flash-frozen in liquid nitrogen.
Crystals were screened for diffraction and anomalous signal at
LBNL ALS beamline 8.3.1. A SeMet crystal diffracted to 2.0 Å
and was used for experimental phasing. The crystal structure
from the native data set was determined, and models for each of
the two molecules in the asymmetric unit were manually rebuilt
using O (30). The model was further refined using the experi-
mental phase restraints and RefMac (31). Data collection and
refinement statistics are listed in Table 1. The structure has been
deposited in the PDB as entry 3H08.
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Solvent-accessible surface area calculations were performed
using AREAIMOL for each molecule in the asymmetric unit
cell of CtepRNH*, EcoRNH*, TthRNH*, and a chimera
of EcoRNH* and TthRNH*, TCEO (PDB entries 1F21,
1RIL, and 1JL2, respectively) (32). Figures were made using
PyMOL (33).
Refolding Kinetic Experiments. Folding kinetics of

CtepRNH* were monitored at 25 �C by following the CD
signal at 222 nm at various final urea concentrations (0.6-
4.6 M). All folding data were collected on an Aviv 202 stopped-
flow instrument.Foldingwas initiatedbya 1:11dilutionof unfolded
CtepRNH* [8 mg/mL protein, 6.3 M urea, 20 mM NaOAc,

and 50mMKCl (pH 5.5)] into folding conditions [20 mMNaOAc,
50 mM KCl (pH 5.5), and 0.6-4.6 M urea]. An average of
seven kinetic traces (CD signal vs time) were collected for each
condition i. The kinetic traces were fit to single-exponential
equations (A = Be-kt + C) using SigmaPlot (SPSS, Chicago,
IL). The burst phase CD signal was determined by calculating
the signal at time zero using the parameters determined by the fit
(B and C). The final signal was determined by the fit parameter C.
Both theburst phase and final signals at various urea concentrations
were fit to obtain free energies of unfolding for the intermediate
(ΔGui) and native (ΔGun) states, respectively, assuming a two-state
model and a linear dependence of ΔG on urea concentration (28).

RESULTS

Identification, Cloning, and Purification of a Putative
RNase H from C. tepidum. A putative ribonuclease H gene
from the bacterium C. tepidum was identified via a BLAST
search (7) through homology to both E. coli and T. thermophilus
RNases H. This gene was found to be 53% identical (65%
similar) to EcoRNH and 57% identical (70% similar) to
TthRNH. The gene was isolated from purified C. tepidum
genomic DNA obtained from ATCC and subcloned into a
pET27 vector. The resulting protein was overexpressed and
purified via a two-column procedure (see Experimental Proce-
dures). CtepRNH contains three cysteine residues at positions
homologous to those of the three cysteines in E. coli RNase H.
All three of these residues were mutated to alanine and sub-
cloned into a pAED4 vector (27). The resulting protein, designa-
ted CtepRNH* [similar to the RNase H variants studied from
T. thermophilus and E. coli (16, 34)], was purified via heparin
and ion exchange columns, as described in Experimental
Procedures (16).
C. tepidum RNase H* Folds into an Active Ribonuclease

H. Basic biophysical characterization revealed that both
CtepRNH and CtepRNH* are folded and active. Circular
dichroism (CD) spectra and denaturation profiles confirmed that
both proteins have a high degree of secondary structure, suggest-
ing a well-folded protein. The CD spectra are also consistent with
the RNase H fold and similar to those found for other RNases
H (16). RNase H activity assays (23, 35) were performed, and the
proteins were found to be active under standard assay conditions
(Figure 2).
The Structure of C. tepidum RNase H* Determined

by X-ray Crystallography Reveals an RNase H Fold. To
confirm that CtepRNH* adopts the RNase H fold, the crystal
structure was determined by single-wavelength anomalous

Table 1: Data Collection and Refinement Statistics

selenomethionine native

space group P1 P1

unit cell edges 33.74, 33.54, 66.49 33.46, 33.39, 66.07

unit cell angles 100.9, 99.1, 91.4 100.4, 99.4, 90.8

no. of molecules per

asymmetric unit

2 2

Data Collection

Statistics

wavelength (Å) 0.9794 1.1158

resolutiona (Å) 50-2.10

(2.18-2.10)

50-1.60

(1.66-1.60)

no. of reflections

(measured/unique)

236359/16590 85284/36214

Rsym
a (%) 3.8 (9.2) 4.6 (9.3)

ÆI/σIæa 21.0 (8.8) 23.3 (8.3)

completenessa (%) 95.8 (95.7) 95.5 (92.8)

figure of merit

(unflattened/flattened)

0.31/0.65

Refinement Statistics

resolution (Å) 50-1.6

Rcryst/Rfree (%) 15.97/19.36

average B-factor (Å2) 23.5

rmsd

bond lengths (Å) 0.015

bond angles (deg) 1.32

no. of protein atoms 2399

no. of metal ions 2

no. of water molecules 299

Ramachandran (favored/

allowed/generous/disallowed)

94.1/5.1/0.0/0.0

aNumbers in parentheses are for the highest-resolution shell.

FIGURE 2: Biophysical attributes of C. tepidum RNase H*: (A) Activity assay of 20 and 50 nM C. tepidum RNase H* under standard assay
conditions, as described in refs (21) and (27). (B) CD spectra ofC. tepidumRNase H* taken before (b) and after (O) it had been heated to 90 �C.
Data were taken on 50 μg/mL C. tepidum RNase H* at 25 �C in 50 mMKCl and 20 mMNaAc (pH 5.5).
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dispersion (SAD) methods from selenomethionine-labeled pro-
tein to 1.6 Å resolution (see Experimental Procedures). The
structure contains two molecules in the asymmetric unit, both
of which adopt a fold identical to those of most other known
RNase H structures. In fact, alignment of the R-carbons of
CtepRNH* with those of EcoRNH*, TthRNH*, and a chimera
of EcoRNH* and TthRNH* (TCEO) (23) yields pairwise rmsds
of 1.288, 1.450, and 1.224 Å, respectively (Figure 3). In compar-
ison, the two molecules in the CtepRNH* asymmetric unit
(chain A and chain B) gave an rmsd of 0.440 Å. From
our examination of the crystal structure, it is clear that there
are no major structural differences between C. tepidum and the
other RNases H*.
Thermodynamic Characterization of C. tepidum RNase

H*. The free energies of unfolding (ΔGunf) of both wild-type and
cysteine-free C. tepidum RNase H were determined by monitor-
ing GdmCl-induced denaturation following both tryptophan
fluorescence and the CD signal at 222 nm. The data were fit to
a two-state model with a linear dependence of ΔGunf on GdmCl
concentration (22, 36), resulting in a ΔGunf at 25 �C of 8.1 (
0.5 kcal/mol with an m value of 4.1 ( 0.5 kcal mol-1 M-1 for
CtepRNH*. The results obtained via fluorescence and CD
overlap well (Figure 4), indicating apparent two-state folding.
The denaturant dependence, or m value, is similar to that
obtained for other RNases H, as expected for homologous
proteins (22). The ΔGunf at 25 �C for CtepRNH is slightly higher
(10.8 ( 0.9 kcal/mol). This stability difference between the
wild-type and cysteine-free versions is comparable to the
energetic difference between TthRNH and TthRNH* (13.3 and
12.2 kcal mol-1, respectively). Thermal denaturation follow-
ing the CD signal at 222 nm demonstrated reversible unfol-
ding (Figure 2) with a Tm of 68.5 �C for wild-type and
66.5 �C for cysteine-free C. tepidum RNase H. Again,
this difference is similar to that seen between T. thermophilus
RNase H (89 �C) and its cysteine-free variant (86 �C) (16). In all
of the following thermodynamic studies, the cysteine-free version

was used and the results for it were compared to the
results from previous studies using cysteine-free variants of
E. coli and T. thermophilus RNase H (where wild-type cys-
teines were replaced with alanines in the case of EcoRNH
or a combination of alanines and serines in the case of
TthRNH*).

The ΔGunf of CtepRNH* at various temperatures was
determined to generate a protein stability curve, which
plots stability as a function of temperature (29). To generate
this profile, a minimum of three GdmCl-induced denaturant
melts were obtained at each temperature, and the resulting
ΔGunf values for each melt were averaged. These averaged
ΔGunf values, along with a single point generated from the
thermal denaturation data for the Tm (ΔGunf = 0), were fit to
the Gibbs-Helmholtz equation (eq 1) (29, 36). The resulting
curve and the individual stability measurements are plotted in
Figure 5, along with the results from the previous studies
on E. coli and T. thermophilus RNases H*. CtepRNH* clearly
has a broader stability curve than EcoRNH* as reflected
in a smaller change in heat capacity upon unfolding (Table 2).
Surprisingly, the value obtained for the ΔCp of CtepRNH*
is very similar to that of TthRNH* while most other
thermodynamic parameters are closer to those of EcoRNH*
(Table 2).

FIGURE 3: Superposition of the E. coli (blue), C. tepidum (green for
chain A and aqua for chain B), TCEO (yellow), and T. thermophilus
(red) RNases H*. The R-carbon backbones of all four proteins are
aligned and have an rmsd of 1.45 Å.

FIGURE 4: GdmCl-induced equilibrium denaturation monitored
by CD (O) and tryptophan fluorescence (b). Data were taken for
50 μg/mL C. tepidum RNase H* at 25 �C in 50 mM KCl and
20 mMNaAc (pH 5.5) with varying concentrations of GdmCl.

FIGURE 5: Protein stability curves of E. coli (---), C. tepidum
(;b;), and T. thermophilus (- 3-) RNases H*. Each point repre-
sents the average of two or three ΔGunf values determined from
isothermal GdmCl-induced denaturation experiments, with addi-
tional points for the Tm of C. tepidum RNase H*, determined
by reversible thermal denaturation. Lines represent fits to the
Gibbs-Helmholtz equation. Data were taken in 50 mM KCl and
20 mM NaAc (pH 5.5) with varying concentrations of GdmCl.
E. coli and T. thermophilus RNase H* stability curves reproduced
from ref (16).
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Probing the Folding Pathway of C. tepidum RNase H*.
To evaluate the energy landscape of CtepRNH* and deter-
mine if, like the well-characterized EcoRNH* and TthRNH*,
the protein has a fast folding core, we evaluated its folding
kinetics using stopped-flow circular dichroism. The time
course of folding and unfolding was followed by monito-
ring the CD signal at 222 nm at various final urea concentra-
tions. As has been seen with all other RNases H studied in this
manner, at low concentrations of denaturant (<3 M urea),
CtepRNH* has a large burst phase upon refolding, with
>75% of the CD signal lost in the dead time of the instrument
(12 ms), followed by the remaining folding process, which occurs
on a slower, measurable, time scale (Figure 6A). Below ∼2 M
urea, the amplitude of this burst phase dominated the signal
change to the extent that we could no longer confidently
fit the remaining data (<10% signal change in the observable
phase).

These data suggest that, like EcoRNH* and TthRNH*,
CtepRNH* folds in a three-state manner, populating a refolding
intermediate at low concentrations of denaturant. The folding
process was modeled as a three-state, on-pathway process, in
which the intermediate is an obligatory step in the folding
process. Indeed, single-molecule refolding data from EcoRNH*
have shown that the intermediate ofRNaseH is on-pathway (37).
The amplitude of the burst phase signal was fit independently (U
and I) to determine the free energy of unfolding for the
intermediate, ΔGui, and its linear dependence on urea, mui. On
the basis of this analysis, we determined the stability of the
intermediate of CtepRNH* to be 4.1 ( 1 kcal/mol, with

an mui value of 1.0 ( 0.1 kcal mol-1 M-1. The stability of the
intermediate falls directly between those of the intermediates of
EcoRNH* and TthRNH* (3.5 and 4.5 kcal/mol, respectively),
with similar m values (1.2 and 1.0 kcal mol-1 M-1). Data points
taken from the final amplitude change observed in these kinetic
studies were also fit to a two-state model (U and N), and the
resulting ΔGunf is 7.5 ( 0.9 kcal/mol with an m value of 1.6 (
0.2 kcal mol-1 M-1 (Figure 6B). As expected from other studies
on RNases H, the ΔGunf determined from urea is slightly lower
than that determined by GdmCl-induced denaturation studies
(7.5 ( 0.9 kcal/mol vs 8.1 ( 0.5 kcal/mol).

The rates for each final concentration of denaturant were fit
and plotted to create a chevron plot (Figure 6, inset). In other
RNases H, we observed a rollover in the folding limb, which is
attributed to the presence of a folding intermediate. In contrast,
in the case of CtepRNH*, because of the dominating signal from
the burst phase in low concentrations of urea, the observed rate
was not fit at low denaturant concentrations, and therefore, there
is no obvious rollover in the folding limb in this plot. On the other
hand, we observed a distinct rollover in theCtepRNH*unfolding
limb, suggesting the presence of an unfolding intermediate, that is
not seen in other RNases H. Studies on other RNases H were
limited in the range of denaturants accessible, but in this case, we
were able to obtain data at denaturant concentrations much
higher than the midpoint of the transition. Thus, it is not clear if
this potential unfolding intermediate is a unique or general
feature for this family of enzymes. Further investigation probing
the possibility of an unfolding intermediate is underway. In sum,
the kinetic refolding study on CtepRNH* shows that, much like

Table 2: Thermodynamic Parameters of E. coli, C. tepidum, T. thermophilus, and a quintuple mutant of E. coli RNases H*a

ΔGunf (kcal/mol) ΔGgrowth (kcal/mol) Tgrowth (�C) ΔCp (kcal mol-1 K-1) Tm (�C)

E. coli RNase H* -7.5 -6.8 37 2.7 67

C. tepidum RNase H* -8.1 -4.6 48 1.7 66.5

T. thermophilus RNase H* -12.2 -5.6 68 1.8 86

E. coli 5H-RNase H -11.9 -11.0 37 2.7 79

aData forE. coli andT. thermophilusRNasesH* taken from ref (16). Data forE. coli 5H-RNaseH taken from ref (13).E. coli 5H-RNase H also contains all
three natural cysteines.

FIGURE 6: Kinetics ofC. tepidumRNase H*. (A) Refolding ofC. tepidumRNase H* in 2.8 M urea. Refolding was initiated by rapid dilution of
unfolded protein (6.3 M urea) into folding conditions [20 mM NaOAc and 50 mM KCl (pH 5.5) with various urea concentrations] and was
monitoredby circular dichroism (inset). Solid lines are fits of the data to single-exponential equations.U represents the signal of the unfolded state,
N the signal of the folded state, and BP the magnitude of the burst phase signal. (B) Burst phase (O) and final (b) amplitudes from kinetic
experiments at 20 mM NaOAc and 50 mM KCl (pH 5.5) and various urea concentrations. The inset shows the observed rates for each
concentration of urea taken, a “chevron” plot.
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EcoRNH*, it folds through an apparent three-state pathway. By
analogy to the otherRNasesH, it is likely that this intermediate is
composed of the same core region known to be a dominant factor
in encoding the unusually low ΔCp of thermophilic RNase H.

DISCUSSION

Our previous studies on the stability profiles and folding
pathways of two homologousRNasesH (one from themesophile
E. coli and the other from the thermophile T. thermophilus)
indicated that the ability of the TthRNH to function at high
temperatures may depend on its unusually low change in heat
capacity upon unfolding (ΔCp) (16) and that the hydrophobic
core of the thermophilic protein was the region responsible for
the low ΔCp. To probe the generality of these features, we
identified and characterized a third homologous RNase H from
the moderately thermophilic organism C. tepidum, with an
optimal growth temperature between those of the two previously
studied RNases H. All three proteins show pairwise sequence
identities of >50%.

The three RNases H studied contain several free cysteines in
their wild-type sequences [E. coli (three), T. thermophilus (four),
and C. tepidum (three)]. Our previous studies on the energetics
and folding of both E. coli RNase H and T. thermophilus
RNase H were conducted on cysteine-free variants. Therefore,
for ease of comparison, purification, and data collection, we
created a similar variant for C. tepidum RNase H-CtepRNH*.
Since the three free cysteines in CtepRNH are found in positions
homologous to the positions of the three free cysteines in
the E. coli protein, all three were mutated to alanine, as in
EcoRNH*. As with the other two proteins, the cysteine-free
variants are all active and maintain wild-type-like stability and
melting temperatures. While it would be most informative to
ascertain the activity of these RNases H at varying temperatures,
because of the instability of the substrate at higher temperatures,
the activity of each protein at the organism’s growth temperature
cannot be determined and compared.

The crystal structure of CtepRNH* revealed the typical
RNaseH-like fold. The similarity of the R-carbon rmsds and
the solvent-accessible surface areas (SASA) of RNases H from
E. coli, C. tepidum, and T. thermophilus and TCEO (a chimera of
T. thermophilus and E. coli) indicates that any differences among
these three proteins are not the result of any major structural
feature and depend on eithermore subtle structural differences or
features of their energy landscapes (1, 19, 23).We did not directly
compare the details of our structure to any additional RNase H
structures, such as those from humans, Sulfolobus tokodaii,
Bacillus halodurans, and some retroviruses, since these have
notable structural differences, often lacking specific secondary
structural elements such as the basic loop (38-42).

Analysis of the protein stability curve shows a ΔCp for
CtepRNH* that is much lower than both that of EcoRNH*
and the value predicted on the basis of our crystal structure for
CtepRNH*. Previous studies have experimentally determined
that the change in heat capacity upon unfolding correlates with
the change in hydrophobic solvent-accessible surface area upon
unfolding (22, 43). Calculating the expected change in SASA
upon unfolding based on the crystal structure predicts a ΔCp

for CtepRNH* between 2.1 and 2.4 kcal mol-1 K-1, while
our stability curve shows the ΔCp to be 1.7 kcal mol-1 K-1.
The ΔCp determined by our data is quite close to that of
TthRNH* (1.8 kcal mol-1 K-1), while that of the mesophilic

protein EcoRNH* (2.7 kcal mol-1 K-1) is very close to the
calculated value. On the basis of the crystal structures, it is
predicted that these three homologous RNases H* should have
quite similar ΔCp values. TheΔCp values from the stability curve
data, however, differ by nearly 50%, leading to the hypothesis
that both thermophilic RNases H* may have some residual
structure in the unfolded state (24) and that a low ΔCp may be a
common feature of RNases H from even moderately thermo-
philic organisms.

Previous work has shown that the hydrophobic core of RNase
H has amajor role in determining theΔCp. A sequence alignment
of all three RNases H shows that the core of CtepRNH* is
more similar to the core of TthRNH* than to that of EcoRNH*
(62% identical vs 54% identical). This similarity may indicate
that the hydrophobic core of CtepRNH*, like that of TthRNH*,
retains some structure in the unfolded state, resulting in a
surprisingly lowΔCp and perhaps playing a key role in determin-
ing the protein’s thermophilic behavior.

While CtepRNH* shares some important similarities with
TthRNH*, including a lowΔCp and reversible heat denaturation,
both its maximum stability and melting temperature are very
close to those of EcoRNH*. It appears that CtepRNH* repre-
sents a case in which these thermodynamic features (melting
temperature, change in heat capacity upon unfolding, or max-
imum stability) have evolved independently from one another.
Despite the differences in thermodynamic parameters, the
stabilities of all three proteins at the optimal growth temperatures
of each organism are remarkably similar (5.6 kcal mol-1 for
T. thermophilus, 6.8 kcal mol-1 for E. coli, and 4.6 kcal mol-1 for
C. tepidum).

The folding pathway of CtepRNH* appears to share features
with both previously studied RNases H*. This moderately
thermophilic protein populates a stable, partially folded inter-
mediate very early in the folding pathway. Analysis of the burst
phase signal indicates that the stability of the intermediate of
CtepRNH* is 4.1 kcal/mol, while the intermediates of EcoRNH*
and TthRNH* have stabilities of 3.6 and 4.5 kcal/mol, respec-
tively. Previous results suggest that the stability of the intermedi-
ate of CtepRNH* should result in an increased stability of the
overall protein relative to EcoRNH*, as the stabilities of the
intermediates of EcoRNH* and TthRNH* account for∼35%of
their overall stability. We have found that despite the increased
stability of the intermediate, the overall stability of CtepRNH* is
very close to that of EcoRNH*, meaning that the intermediate of
CtepRNH* accounts for ∼50% of the global stability of the
protein.

Because of the increased relative stability of the intermediate,
we had concerns that the protein was populating the intermediate
in our experiments, invalidating the two-state approximation
used to fit our equilibrium denaturation and obtain the
ΔGunf values. However, this does not appear to be the case for
several reasons. First, our denaturant data obtained via different
methods are coincident, suggestive of a two-state transition.
Second, a breakdown of the two-state assumption due to a
notable population of an intermediate is known to result in an
artificially low m value (44, 45). Homologous proteins are
expected to exhibit similar m values (22), and our calculated
m value is within error of those obtained for other RNases H
where the two-state assumption has been validated by modeling
based on extensive kinetic data, including the transient inter-
mediate (45). Finally,modeling of our system, including the small
population of the intermediate, does not significantly alter the
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stability profile we obtain. We believe, therefore, that the
unusually low ΔCp is not a direct consequence of the population
of the intermediate. The low ΔCp likely arises from residual
structure in the unfolded state localized to this same core region,
as demonstrated for TthRNH*.

The differences in the energetic properties of the RNases H
underscore the subtlety of interactions leading to thermal stabi-
lity. While it may be possible to increase the melting temperature
of a protein through simple substitutional mutation, maintaining
the finely tuned relationship among enzymatic activity,
dynamics, and energetics that is required by biology at dif-
ferent temperature ranges clearly necessitates a more complex
approach. Indeed, mutagenesis studies in which residues in
E. coli RNase H were replaced with their counterparts from
T. thermophilus RNase H have resulted in the classification of
some residues as “thermophilic” due to the increased Tm of the
protein upon substitution (12, 46, 47). These stabilizing muta-
tions do not, however, recapitulate the thermodynamic profile we
observe for thermophilic proteins. In fact, a recent structural
thermodynamic study of one such quintuple mutant of E. coli
RNase H reveals a maintained mesophile-like ΔCp with an
increase in Tm (13), indicating that while the mutant protein is
more thermally stable, it is not actually recapitulating the
“thermophilic behavior” characteristic of the other RNases H
(Table 2). Interestingly, many of these so-called thermophilic
residues are also found in C. tepidum RNase H, including an
inserted Gly present in T. thermophilus andC. tepidum but not in
E. coli RNase H (Figure 1) (48). However, C. tepidum RNase H
behaves quite differently from the mutant E. coli RNase H,
serving as a strong confirmation that simple residue substitution
cannot fully govern thermal stability.

Our studies indicate that the RNase H family may employ an
unusually low ΔCp as a general strategy for achieving thermo-
philicity and that this likely represents a mechanism utilized by
other protein families. Our results show that thermal stability
(as defined by Tm) does not necessarily correlate with thermo-
philicity, as shown by the similarity in Tm values between
CtepRNH* and EcoRNH*. The similarities in the folding path-
way we observe among the different RNases H also suggest that
all members of this family encode a marginally stable core of the
protein that encompasses an early folding intermediate. The
folding intermediate observed for RNase H from C. tepidum is
likely composed of the same core region as seen by native state
and pulsed labeling hydrogen exchange for both the E. coli and
T. thermophilus RNases H. By analogy, we expect that the low
ΔCp of C. tepidum RNase H arises from residual structure in the
unfolded state encoded by this same core region. On the basis of
this work, it should be possible to design sequences of RNases H
that display the desired thermophilic or mesophilic properties
as defined by their ΔCp and, therefore, fine-tune the energy
landscape in a predictable fashion.
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