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ABSTRACT: Ribonucleases H from organisms that grow at different temperatures demonstrate a variable
change in heat capacity upon unfolding (AC®p) [Ratcliff, K., et al. (2009) Biochemistry 48, 5890—5898]. This
AC°p has been shown to correlate with a tolerance to higher temperatures and residual structure in the
unfolded state of the thermophilic proteins. In the RNase H from Thermus thermophilus, the low AC®p has
been shown to arise from the same region as the folding core of the protein, and mutagenic studies have shown
that loss of a hydrophobic residue in this region can disrupt this residual unfolded state structure and result in
a return to a more mesophile-like AC®p [Robic, S., et al. (2002) Protein Sci. 11, 381—389; Robic, S., et al.
(2003) Proc. Natl. Acad. Sci. U.S.A. 100, 11345—11349]. To understand further how residual structure in the
unfolded state is encoded in the sequences of these thermophilic proteins, we subjected the RNase H from
Chlorobium tepidum to similar studies. Analysis of new chimeric proteins reveals that like 7. thermophilus
RNase H, the folding core of C. tepidum RNase H plays an important role in the unfolded state of this protein.
Mutagenesis studies, based on both a computational investigation of the hydrophobic networks in the core
region and comparisons with similar studies on 7. thermophilus RNase H, identify new residues involved in
this residual structure and suggest that the residual structure in the unfolded state of C. tepidum RNase H is
more restricted than that of 7. thermophilus. We conclude that while the folding core region determines the

thermophilic-like behavior of this family of proteins, the residue-specific details vary.

The mechanisms by which proteins from thermophilic organ-
isms are able to function at extreme temperatures are not well
understood. Identifying a more complete set of the rules govern-
ing this thermophilicity would further our understanding of
proteins from thermophilic organisms and would contribute to
our general knowledge about protein stability and energetics.
Studies on sets of homologous proteins from thermophilic and
mesophilic organisms show that proteins with the same function
have nearly identical folds. Furthermore, the sequence and
structural similarities between such homologous proteins are
often indistinguishable from those between a pair of homologous
proteins from mesophiles (/—6). The ribonucleases H from
Escherichia coli, Chlorobium tepidum, and Thermus thermophilus
form a set of well-studied homologous proteins with very
different thermal stability profiles. They are small, single domain
proteins with a 4 5 architecture; the sequence identity between
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all three is around 50% (7). All three fold into a virtually
indistinguishable RNase H'-like fold (1, 8). These RNases H
provide a good system for examining the subtle changes in
sequence that lead to large changes in thermodynamic behavior.

The energetics of these RNases H from T. thermophilus,
C. tepidum, and E. coli (TthRNH*, CtepRNH*, and EcoRNH*,
respectively, where the asterisk indicates a cysteine-free variant)
have been studied extensively via thermal and chemical denatura-
tion (9). The basic folding and unfolding kinetics are also known
for all three (9, 10). In the case of TthRNH* and EcoRNH*,
the energy landscapes have also been evaluated by hydrogen
exchange (//—13). The stability curves (AG®,,¢ vs temperature
profiles) show that, in addition to a higher melting temperature
(T,), TthRNH* has a dramatically lower change in heat capacity
upon unfolding (AC°p) and a higher overall stability (AG® )
than EcoRNH* (/7). Recently, we carried out a similar thermo-
dynamic analysis on the bacterial RNase H from C. tepidum.
C. tepidum, a moderate thermophile, has a growth temperature
(48 °C) between those of E. coli (37 °C) and T. thermophilus
(68 °C). Protein stability curves revealed that CtepRNH* has
approximately the same stability at 25 °C and melting tempera-
ture as ECORNH* while maintaining the unusually low AC®p
observed for the thermophilic TthRNH* (9).

Both site-directed mutagenesis and studies of chimeric proteins
implicate the folding core of TthRNH* as the region responsible
for its low AC°p . Using EcCORNH* and TthRNH*, two chimeric
proteins were created, each composed of the folding core of one
RNase H and the periphery of the other: ECTO (E. coli core,
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T. thermophilus outside) and TCEO (T. thermophilus core, E. coli
outside). The boundaries between these regions (core/periphery)
were defined through hydrogen exchange studies and an algo-
rithm called RAFT (10, 12, 14). RAFT is a structure-based
algorithm that predicts autonomous folding units by identifying
contiguous regions of a protein with a high density of intra-region
contacts and a minimum of inter-region contacts. The core
regions of EcoORNH* and TthRNH* were identified as high
scoring regions based on the RAFT algorithm. Both ECTO and
TCEO formed well-folded and active RNases H; the X-ray
structure of TCEO showed an RNase H fold indistinguishable
from the other RNases H. Thermodynamic analyses of these
two chimeras revealed that TCEO is destabilized as compared to
TthRNH* yet maintains the low AC°p associated with the
thermophile, while ECTO is also destabilized but maintains the
high AC°p of the mesophile (15). A single point mutation (I5S3D)
in the core region can alter the AC®p of TthRNH* dramatically,
bringing it close to the predicted higher AC®p that is present in the
mesophilic homologue, while the same mutation does not alter
the AC°p of EcoRNH* (/6). Furthermore, the core regions
of both EcoRNH* and TthRNH* have been shown to fold
autonomously (/7). These observations all lead to the hypothesis
that the folding core is crucial to the thermodynamic character-
istics of these proteins and, importantly, the ability to fold and
function at elevated temperatures.

The major contributor to the AC°p (C°p, — C°py) associated
with protein unfolding is thought to be the change in solvent
exposure of nonpolar residues (/8). The above mutagenic studies,
together with differential calorimetric studies, suggest that the
low AC°p in TthRNH* arises from the unfolded state (C°p,)
(16, 19); this residual structure in the unfolded state resides in the
core region of the protein, and the mutation 153D appears to
disrupt this residual structure.

To explore this hypothesis further, we wondered if the core
region of CtepRNH* also encodes the unusually low AC®p
observed for this protein. Like the other two proteins, the folding
kinetics of CtepRNH* reveal an early folding intermediate,
which, by analogy, is likely composed of the same core region
of the protein (9). To test this hypothesis, we have created
chimeric proteins similar to those previously studied: CCEO
(C. tepidum core, E. coli outside) and CCTO (C. tepidum core,
T. thermophilus outside). Indeed, we find that the core region of
CtepRNH* appears to be responsible for the low AC°p. How-
ever, unlike in TthRNH*, we find that mutations at residue 53 do
not affect the AC°p of CtepRNH¥*. Instead, mutations at a diff-
erent site (residue 56) implicate a nearby region as a crucial com-
ponent of this residual structure. Furthermore, mutations in
TthRNH* at this alternative site have an even greater impact on
the AC°p than do mutations at residue 53. Remarkably, site-
specific mutagenesis experiments designed based on the native
structure have allowed us to interrogate the nature of the unfolded
state of a protein under native conditions. Our results suggest that
modulation of the core region of RNase H plays an important
role in its adaptation to different thermal niches. While the same
core region seems to be important in both proteins, the exact
method by which each enzyme encodes this residual structure in
the unfolded state differs. There does not appear to be a unique
amino acid sequence that defines this unfolded state property.

EXPERIMENTAL PROCEDURES

Construction of CCEO and CCTO. The core region of the
ribonuclease H gene from C. tepidum (residues 43—121) was
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amplified by PCR using primers designed to add overlapping
sequences to either E. coli or T. thermophilus RNase H* (15, 20).
The periphery regions of E. coli and T. thermophilus RNase H*
were amplified in two parts from plasmid DNA (pSM101 and
pJH109, respectively (/1)) using primers designed to add over-
lapping sequences to either an NDE-1 restriction site and the
C. tepidum core region or the C. tepidum core region and a KPN-1
restriction site (the beginning and ending fragments, respec-
tively). The fragments were then annealed and amplified to make
two complete chimeric RNase H genes, which were individually
inserted into a pAED4 vector (21). Both strands of the coding
region in the resulting plasmids (pKR401 and pKR402) were
sequenced and found to be correct. Plasmids encoding CCEO
and CCTO were transformed into E. coli BL21(DE3) pLysS cells
(Novagen), and the cells were grown at 37 °C in Luria broth with
200 ug/mL ampicillin and 25 ug/mL chloramphenicol. Expres-
sion was induced at an ODyg of 0.6 by the addition of 1 mM
IPTG, and cells were grown for an additional 3 h before har-
vesting by centrifugation.

Purification of CCEO and CCTO. Purification of CCEO
and CCTO was carried out using a standard RNase H purifica-
tion method. Briefly, cell pellets were resuspended in 50 mM Tris,
pH 8.0, 20 mM NacCl, and 0. mM EDTA and lysed by soni-
cation. The soluble fraction was loaded onto a HiTrap heparin
HP column from GE Healthcare and eluted with a linear NaCl
gradient (0.02—0.8 M NacCl). Fractions containing CCEO and
CCTO were pooled and diluted 1:1 with water, and the pH of the
resulting sample was adjusted to 5.5 with concentrated HCI. The
protein sample was then loaded onto a Source 15S column (in
20 mM NaOAc, pH 5.5,200 mM NaCl, and 0.1 mM EDTA) and
eluted with a linear NaCl gradient (0.2—0.6 M NaCl). Fractions
containing CCEO or CCTO were judged to be >98% pure by
SDS—PAGE, pooled, and stored at —80 °C. The final masses of
each protein were confirmed by mass spectrometry and found to
be correct to within 2 amu.

Construction of C. tepidum RNase H* Point Mutants.
The gene for C. tepidum RNase H was mutated at positions 53
and 56 using the QuikChange (Stratagene) site-directed muta-
genesis protocol. The coding strands of all resulting mutant genes
(I53A, 153D, L56A, L56D, and L56S) were sequenced and found
to be correct. Each plasmid was transformed into E. coli BL21-
(DE3) pLysS cells (Novagen) in the presence of 200 ug/mL
ampicillin and 25 ug/mL chloramphenicol, and the cells were
grown at 37 °C in Luria broth. Expression of each protein was
induced at an ODygy of 0.6 by the addition of 1 mM IPTG, and
cells were grown for 3 h before harvesting by centrifugation.

Purification of C. tepidum RNase H* Point Mutants. All
C. tepidum RNase H* 153 and L56 point mutants expressed
insolubly in inclusion bodies, as was observed for all E. coli
RNase H* 153 mutants. Each protein was purified as described
previously (22).

Construction, Expression, and Purification of T. thermo-
philus RNase H* L56S. The gene for T. thermophilus RNase
H* in an MBP fusion vector with a TEV protease-cleavable
MBP+His tag was a gift from K. Connell. Residue L56 was
mutated using the QuikChange site-directed mutagenesis proto-
col (Stratagene). The resulting T. thermophilus RNase H* L56S
gene was sequenced and found to be correct. This plasmid was
transformed into E. coli BL21(DE3) pLysS cells in the presence of
25 ug/mL chloramphenicol and 50 ug/mL kanamycin in Luria
broth. Cells were induced for 3 h at 37 °C after reaching an ODgy
of 0.6—0.8 by the addition of | mM IPTG. Cells were harvested
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by centrifugation, and cell pellets were stored at —80 °C until
purification.

T. thermophilus RNase H* L56S was purified using a three-
column protocol. First, cells were lysed by sonication and spun
down at 12000 rpm for 30 min. The supernatant was loaded
onto a HisTrap nickel column (GE Healthcare) in 20 mM
sodium phosphate, pH 8.0, 500 mM NaCl, 30 mM imidazole,
0.1 mM EDTA, and 1 mM TCEP. The MBP-TthRNH* L56S
fusion protein was eluted in a step to buffer containing
500 mM imidazole. Protein was dialyzed overnight into low-
imidazole buffer in the presence of 2 mg of TEV protease
and then rerun through the same protocol on the HisTrap
column. The flow-through was then dialyzed into 50 mM Tris,
pH 8.0, 20 mM NaCl, and 0. mM EDTA. This sample
was run over a HiTrap heparin column (GE Healthcare) and
eluted with a linear gradient of NaCl. Fractions containing
TthRNH* L56S were judged to be >98% pure by SDS—
PAGE, pooled, and dialyzed into CD buffer for thermo-
dynamic measurements. A sample of this and all other mutant
proteins was determined to have the correct mass via mass
spectrometry to within 1 amu.

GdmCl-Induced and Thermal Denaturation. Circular di-
chroism (CD) measurements were carried out on an Aviv 410
spectropolarimeter with a Peltier temperature-controlled cell
holder. For all samples, each CD measurement is an average of
the signal at 222 nm over 1 min in a 1 cm path length cuvette.
Denaturation samples of all proteins were made to contain
50 ug/mL protein, 20 mM NaOAc (pH 35.5), 50 mM KCl, and
the appropriate concentration of GdmCI. These samples were
allowed to equilibrate between 1 and 3 days before the CD signal
was measured. Twenty-five samples were used for each denatura-
tion melt, and individual sets of samples were equilibrated at
varying temperatures ranging from 0 to 55 °C. Free energies of
unfolding (AG®°y) were determined from the GdmCl-induced
denaturation of each protein at each temperature, assuming a
two-state model and a linear relationship between AG®,,¢ and
concentration of GdmCl (see below) (23). For thermal dena-
turation, the same buffer conditions lacking GdmCl were used.
In these experiments, the CD signal was recorded every 3 °C,
with a 5 min equilibration time and a 1 min averaging time at
each temperature. At the end of the melt, reversibility was
determined by returning to the initial temperature and com-
parison of the CD spectrum from 200 to 300 nm to the premelt
spectrum. To determine the Ty, for each protein, thermal melts
were fit using a two-state model and the Gibbs—Helmholtz
relationship between AG°,,r and temperature (24). The re-
ported values represent the average of multiple experiments
under identical conditions. The uncertainties reported for both
AG°, and Ty, are estimates based on the largest deviation
from this mean. These uncertainties are slightly larger than the
errors of the fit and therefore serve as the more conservative
estimate.

Denaturation and Stability Curve Data Analysis. Due to
the noted systematic and linear temperature-dependent variation
in the m-value of each protein, the m-values were fit to a line, and
the predicted m-value was used to refit each denaturant melt as
described previously (25). The free energies of unfolding (AG® )
for CCEO, CCTO, or any of the point mutants obtained from the
denaturant melts as described above were plotted as a function of
temperature, with a single point added for the Ty, (AG®,r = 0)
if the protein was sufficiently reversible to ensure accuracy of
the Ty,. These stability profiles (AG®,¢ vs T) were then fit to a
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FIGURE 1: Structural representations of CtepRNH* and the de-
signed chimeras. (A) Illustration of the boundaries between the core
and periphery of CtepRNH?*. The core region, highlighted in purple,
is made up of residues 43—121, while the periphery, or outside,
residues 1—42 and 122—145 are shown in green. (B) Schematic
diagram of CCEO and CCTO. Residues taken from EcoRNH* are
in blue, residues from TthRNH* are in red, and residues from
CtepRNH* are in green.

modified Gibbs—Helmholtz equation using the T, as a reference
temperature:

AG®y = AH® - T(A—H> +AC% {T— Tw—T ln<l>}
T T

The data shown for each data point in a stability curve were the
result of two to four repetitions of the same conditions, with
corresponding error bars indicating the maximum observed
difference from the mean. These uncertainties were then included
during the fit of the stability curve to generate the AC°p and an
estimated error using a standard protocol in the Sigmaplot
software analysis package (Systat Software Inc., San Jose, CA).
These propagated errors are only slightly larger than the errors
determined solely by the fit.

RESULTS

Design and Initial Characterization of Chimeric RNases
H. The core of CtepRNH* was identified based on homology
modeling with both EcoRNH* and TthRNH*. The folding cores
of EcoRNH* and TthRNH* were identified by hydrogen
exchange studies coupled with a native structure contact-based
algorithm (74, 15). The CtepRNH* core region (residues 43—
121) was found to have sequence identities of 62% and 54%
and sequence similarities of 73% and 68% to TthRNH* and
EcoRNH*, respectively. Two chimeric RNases H were designed
to combine fragments of the moderately thermophilic CtepRNH*
with the mesophilic EcORNH* and the thermophilic TthRNH*
(Figure 1). Both chimeras are composed of the core region of
CtepRNH* with the remaining residues originating from either of
the two other RNases H and are referred to as CCTO (C. tepidum
core, T. thermophilus outside) and CCEO (C. tepidum core, E. coli
outside). Modeling of the interfacial regions of each new protein
suggests that no new charge-repulsion interactions have been
introduced. In fact, the interfaces of each of these chimeras seem
to avoid an unfavorable interaction created in the previously
studied chimera ECTO (D66-E6) (15). Both chimeric proteins
were overexpressed in E. coli and purified as previously described
for TthRNH* (11).

Circular dichroism (CD) spectra indicate that both proteins
are well folded and adopt secondary structures similar to those of
their parent proteins (Figure 2A). RNase H activity was deter-
mined through a UV absorbance-based assay as previously
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F1GURE 2: Biophysical properties of CCEO and CCTO determined using circular dichroism spectroscopy. (A) CD spectra of CtepRNH*
(circles), CCEO (squares), and CCTO (triangles). Data were taken on 50 ug/mL protein at 25 °C, 50 mM KCI, 20 mM NaOAc, pH 5.5.
(B) Denaturant melts of CCEO (circles) and CCTO (triangles) taken on 50 ug/mL protein at 25 °C, 50 mM KCI, 20 mM NaOAc, pH 5.5, and

varying concentrations of GdmCl.

described (15, 26), and both proteins showed similar activity to
the parent protein that donated the periphery (data not shown).
In summary, the designed proteins CCTO and CCEO appear to
form folded, active RNases H.

Free Energy of Unfolding of CCEO and CCTO at 25 °C.
The stabilities of CCTO and CCEO were measured by monitor-
ing the GdmCI- and thermal-induced unfolding by following the
CD signal at 222 nm (Figure 2B). Both proteins unfold coopera-
tively and behave in an apparent two-state manner; the AG® ¢
for each denaturant melt was fit using a two-state model with a
linear dependence on denaturant (/8, 27). GdmCl-induced
denaturation of CCTO gives a stability of 9.6 £ 1.0 kcal/mol
(25 °C) and a denaturant dependence or m-value of 4.2 + 0.4
kcal/(mol-M); it is more stable than CtepRNH*, which con-
tributed the core region, but less stable than periphery contri-
butor TthRNH*. CCEO, surprisingly, is more stable under che-
mical denaturation than either of its parent proteins, CtepRNH*
or EcoRNH*, with a AG® ¢ of 9.8 & 0.6 kcal/mol (25 °C) and
m-value of 5.1 £ 0.3 kcal/(mol-M).

Thermal denaturation of CCTO yields a T, of 69.4 + 0.6 °C,
and, like both of its parent proteins, thermal denaturation of
CCTO is completely reversible after gradual heating to 95 °C and
rapid cooling to 25 °C. Thermal denaturation of CCEO yields a
T of 65 £ 0.5 °C, extremely similar to those of its parents. Rapid
cooling from 95 to 25 °C was approximately 90% reversible,
unlike EcCoORNH*, which under similar conditions is completely
irreversible. Thus, the folding cores of these RNases H appear to
correlate with the reversibility of the protein’s folding when
thermally denatured.

Thermodynamic Analyses of Chimeric Proteins. The
AG® ¢ of both CCEO and CCTO was determined at a variety
of temperatures to create a so-called protein stability curve.
When fit independently, the m-values displayed a temperature-
dependent variation which fit well to a linear model, and there-
fore we adopted the procedure described by Nicholson et al. (25),
which accounts for a such a temperature-dependent m-value
(see Experimental Procedures). The resulting stability curves
(AG°,,r vs temperature) were fit using the Gibbs—Helmholz
equation and are shown in Figure 3 together with the published
results for the three parent proteins (E. coli, T. thermophilus,
and C. tepidum RNases H¥). The CCTO chimera is less stable
than TthRNH* and more stable than CtepRNH* at all tem-
peratures. Additionally, CCTO maintains the low AC°p asso-
ciated with the two parent thermophilic proteins (1.7 & 0.1
kcal/(mol-K)). The CCEO chimera, however, shows a greater
stability than both of its parents, EcCORNH* and CtepRNH?*, at
all measured temperatures even though its melting temperature is

AG®, ¢ (kcal/mol)

280 300 320 340
Temperature (K)

FIGURE 3: Protein stability curves of CCEO (solid black line and
triangles) and CCTO (dashed black line and circles) overlaid on the
stability curves of E. coli (solid gray line), C. tepidum (dotted gray
line), and 7. thermophilus (dashed gray line) RNases H*. Each point
represents the average of two to three AG°,,s determined from
isothermal GdmCl-induced denaturation experiments, with one addi-
tional point for each T3, determined by reversible thermal dena-
turation. Lines represent fits to the Gibbs—Helmholz equation.
Data were taken in 50 mM KCI, 20 mM NaOAc, pH 5.5, with
varying concentrations of GdmCl at varying temperatures. E. coli
and T. thermophilus RNase H* stability curves reproduced from
ref 71. CtepRNH* stability curve reproduced from ref 9.

similar to both. The AC°p of CCEO (2.1 & 0.2 kcal/(mol-K))
is between those of CtepRNH* and EcoRNH*, something that
was not seen with the previous chimeras studied (/5). Both
chimeric proteins preserve a temperature of maximum stabi-
lity similar to that of CtepRNH* (13 °C for CCEO, 8 °C for
CCTO, and 14 °C for CtepRNH?*, as compared to 25 and 20 °C
for EcORNH* and TthRNH?*, respectively). All thermodynamic
parameters determined from this stability curve analysis are
listed in Table 1.

Initial Characterization and Thermodynamics of
C. tepidum RNase H* I53D. Since the chimeras constructed
here both display the unusually low AC°p associated with the
thermophilic RNases H, we decided to probe the role of the core
region further by site-specific mutagenesis. In TthRNH*, the
mutation 153D appears to disrupt residual structure in the
unfolded state, resulting in an increase in AC°p (16). To test if
the homologous residue also plays a similar role in CtepRNH*,
we created the homologous variant (called CtepRNH* 153D).
Both CD spectra and activity assays demonstrate that Ctep-
RNH* 153D adopts the RNase H-like fold (data not shown).
Thermodynamic analyses, analogous to those described above,
demonstrate that, like in TthRNH*, the mutation 153D severely
destabilizes CtepRNH* (AG®,r of CtepRNH* [53D is 4.1 £ 0.3
kcal/mol at 25 °C). In contrast to the TthRNH* results, however,
introducing the I53D mutation to CtepRNH* does not appear to
affect the AC®p of the protein (AC°p of CtepRNH* 153D is 1.7 +
0.2 keal/(mol-K)) (Figure 4A).
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Design, Expression, and Characterization of C. tepidum
RNase H* variants at position 56. While the chimera studies
suggest that the core of RNase H plays a critical role in the
unusual AC°p of CtepRNH*, the failure of the 153D mutation to
alter the AC°p of the protein, along with the intermediate AC°p
value for the CCEO variant, prompted us to examine the folding
core more closely. Investigation of the hydrophobic core of the
protein using a program that selectively identifies ILV clus-
ters (28) suggested that L56 is likely to be a more central residue

Table 1: Thermodynamic Parameters of E. coli, C. tepidum, T. thermo-
philus, Chimeras, and Various Mutant RNases H*¢

AC°p [keal/

AG® ¢ (kcal/mol)

(25°0) (mol-K)] T (°C)
EcoRNH* —-7.5+0.2 2.7+0.2 67
TthRNH* —122+04 1.8+0.1 86
CtepRNH* —8.1+0.5 1.7£0.1 66.5
CCEO —9.8£0.6 2.14+0.2 65
TCEO —7.5+0.5 1.6+0.2 76
CCTO —9.6£1.0 1.7£0.1 09.5
ECTO —5.6+0.3 24403 61
CtepRNH* 153D —4.1+03 1.7£0.2 50.5
CtepRNH* L56A —2.8+0.3 1.2+1.1 47
CtepRNH* L56S —1.1+£04 25+09 33.5
TthRNH* 153D —7.0+0.5 24402 69
TthRNH* L56S —7.0+0.4 2.65+£0.5 56.5

“Data for E. coli and T. thermophilus RNases H* taken from ref /7, data
for TCEO and ECTO taken from ref 15, and data for T. thermophilus 153D
taken from ref /6. Errors reported in AC®p for C. tepidum and its variants
were calculated as described in Experimental Procedures.
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to the hydrophobic network in the folding core of CtepRNH*
(Figure 5). If this ILV-based hydrophobic network in the core of
the protein is crucial to the residual structure in the unfolded
state, mutations at residue 56 may have a more notable effect. To
test this, two variants of CtepRNH*, L56A and L56D, were
constructed, purified, and analyzed. Initial CD and activity
studies showed that L56A is well folded and active under
standard RNase H* conditions. L56D, however, was poorly
folded, as evidenced by little secondary structure by CD, the lack
of a cooperative transition in a denaturant melt, and almost no
activity. Apparently, the insertion of this potentially charged
residue was so deleterious that the protein could not fold.
Therefore, we created a potentially less destabilizing yet still
hydrophobic-to-polar mutation, L56S. L56S is folded and active
under standard conditions and, thus, presented as a good
candidate for thermodynamic studies.

Thermodynamic Analysis of CtepRNH* L56A and
L56S. Mutation of residue 56 to either alanine or serine was
extremely destabilizing. AG®,,r (25 °C) for CtepRNH* L56A is
2.75 £ 0.3 kcal/mol and 1.10 £ 0.4 kcal/mol for CtepRNH*
L56S, which translates into AAG® s relative to CtepRNH* of
5.35 and 7.00 kcal/mol, respectively. Like CtepRNH*, both
mutants are maximally stable near 10 °C (11.5 °C for L56S
and 5.9 °C for L56A). As predicted, the more conservative
mutation, L56A, does not alter the AC°p of CtepRNH*, main-
taining a low value of 1.2 £ 1.1 kcal/(mol- K). On the other hand,
the polar mutation, L56S, dramatically affects the AC®p, raising
it to 2.5 + 0.9 kcal/(mol-K) (Figure 4B). The stability curves of
these proteins are not as well determined as others in this study.
The low stability and correspondingly low 7,,,s of each protein
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FIGURE 4: Protein stability curves of various mutant RNases H* overlaid on the stability curves of E. coli, C. tepidum, and T. thermophilus (gray
lines) RNases H*. (A) CtepRNH* 153D in black circles and solid black line. (B) CtepRNH* L56A (dashed black line and triangles) and L56S
(solid black line and circles). (C) TthRNH* L56S in solid black line and circles. Each point represents the average of two to three AG® s
determined from isothermal GdmCl-induced denaturation experiments. Lines represent fits to the Gibbs—Helmholz equation. Data were taken in
50 mM KCl, 20 mM NaOAc, pH 5.5, with varying concentrations of GdmCl at varying temperatures. E. coli and T. thermophilus RNase H*
stability curves reproduced from ref /7. CtepRNH* stability curve reproduced from ref 9.
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FIGURE 5: Structures depicting the positions of the ILV clusters in CtepRNH* (A) and TthRNH* (B). Gray spheres represent ILV residues, red

spheres represent residue L56, and blue spheres represent residue 153.

limit the range of temperatures at which the AG®,, can be
measured and contribute to higher errors in the fit. Despite some
uncertainty in the data, the trend is clear: CtepRNH* L56S has
an increased AC°p while CtepRNH* 153D and CtepRNH*
L56A do not.

Investigation of Residue 56 in T. thermophilus RNase H.
The mutations at position 56 in CtepRNH* suggest that this site
(like 153 in TthRNH*) may play an important role in the un-
usually low AC°p of this protein. The question then arises
whether this residue plays an important role in the residual struc-
ture in the unfolded state of TthRNH* as well. In other words, is
the residual structure in the unfolded state of CtepRNH* a
different set of residues or just more restricted? To investigate
this, we turned back to TthRNH* and interrogated the structurally
homologous position, L56. TthRNH* L56S is well folded with a
cooperative, apparent two-state transition under both tempera-
ture and chemical denaturation. The AG® ¢ for TthRNH* L56S
is 7.0 £ 0.4 kcal/mol (25 °C). While the protein is significantly
destabilized, the extremely high stability of the parent protein,
TthRNH#*, allows for a well-determined stability curve, and the
AC®p of this protein is 2.65 £ 0.5 kcal/(mol-K) (Figure 4C),
substantially higher than its parent protein TthRNH* (1.8 kcal/
(mol-K)). Thus, residue 56 in CtepRNH* also plays an impor-
tant role in the residual structure in the unfolded state of
TthRNH*.

DISCUSSION

In this study, we probed the RNase H from the moderately
thermophilic organism C. tepidum (CtepRNH¥) to investigate
how the unusually low AC®p is encoded in the sequence and
structure of thermophilic RNases H. Like the RNase H from
T. thermophilus, CtepRNH* displays an unusually low AC®p (the
measured AC°pis lower than that expected based on the burial of
nonpolar surface area in the native state, calculated to be between
2.1 and 2.4 kcal/(mol-K) (9, 11, 18)). These low AC°ps result in a
broadened protein stability curve and therefore contribute to the
increased stability at higher temperatures. By analogy to previous
comparative studies with RNases H from T. thermophilus and

E. coli, this low AC°p was assumed to arise from residual
structure in the unfolded state and to be an important feature
in the protein’s ability to function at higher temperatures. Studies
on the homologues from E. coli and T. thermophilus identified
the folding core as the region responsible for determining the
protein’s AC® p; chimeras between the core and periphery of each
protein resulted in functional RNases H with a AC®p correspond-
ing to the parent contributing the core (15). Previously, we
showed that RNase H from C. tepidum also folds through an
early intermediate (9), which we believe to be composed of the
same core region.

To confirm that the presumed early folding region of
C. tepidum RNase H is also responsible for the low AC®p of this
protein, we made two chimeras which contain the CtepRNH*
folding core and either the E. coli or T. thermophilus periphery.
Remarkably, both chimeras formed active and stable RNases H.
This ability to mix and match regions of a protein is common
when working with multidomain proteins that have separate
structural and functional units, such as the SH3 domain or pdz
domains. RNase H, however, is a small, apparently single
domain protein. Undoubtedly, our ability to mix and match
the core and periphery of these RNases H is related to the fact this
core region constitutes the early folding intermediate of these
proteins (10, 22). Rapid structure formation in the core implies
that this part of the protein forms a somewhat autonomous unit,
encoding its own structure. In fact, studies of isolated RNase H
fragments from both E. coli and T. thermophilus have shown that
this region can fold independently (17, 29). Our success with the
homologous folding core of CtepRNH* clearly supports our
hypothesis that these residues also form the early folding region
of this protein and suggests that folding cores of other proteins
may well be suitable candidates for modulation and transplanta-
tion as a unit.

The AG®,,¢ of CCEO was found to be higher than those of
EcoRNH* and CtepRNH* at all temperatures. This higher
stability may arise from the increased stability of the core of
CtepRNH* relative to that of EcCoORNH*. Previous data have
shown that the AG®,,¢ of the core of CtepRNH* is 4.1 kcal/mol,
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T. thermophilus MNPSPRERVALFTDGAALGNPGP GGWAALLRFHAHEKLL SGGEAS TTHHRMELKAATE 60
C. tepidum ———--MEKTITIY¥TDGAASGNPGKGGWGALLMYGSSRKEISGY D PAT THHRMELM ART 56
E. coli ———-MLEQVEIFTDGSALGNPGPGGYGAILRYRGREKTF SAGY TR TTHHNRMELMAAT VAL 56

T. thermophilus

KALKE VDLETD SHY T GWREKRGWRT AE GKP VKHRDLWE
EALKE VQLYSDSAY H WVKHGWKT AAKKP VEN I DLW QE

mmpul 120

C. tepidum LTTLH 116
E. coli EALKEHAEVILSTD S Q¥ VRQGI T - W IHNWKKRGW KT AD KKP VKH VDLW QRLD AALG QHQ 115
T. thermophilus VKGHTGHPENERVD REARRQAQSQAKTPS PPRAP TLF HEEA 166
C. tepidum VKGHSDNPYNSRADELARLAIKENS - ——————————————~— 146
E. coli IKWEWVEKGHAGHPENERAD ELARAAAMNE TLEDTGYQVEV—————— 155
T. thermophilus | C. tepidum
C. tepidum 57% / 62%
E. coli 57% / 55% 53% / 54%

FIGURE 6: Sequence alignment of RNases H. (A) Alignment of TthRNH*, CtepRNH*, and EcoORNH*. Residues in bold are in the core region,
residues highlighted in gray are core residues that are identical in all three proteins, and residues highlighted in red are core residues that are
identical in TthRNH* and CtepRNH* but differ in ECORNH*. (B) Percent sequence identities between TthRNH*, CtepRNH*, and EcoORNH*.
In all cases, the first number listed is the percent identity of the whole protein sequence and the second number is the percent identity of the core

region.

while that of EcoRNH* is 3.55 kcal/mol (9, 22). Both native
proteins have approximately the same stability, so the core of
CtepRNH* must account for a higher percentage of the overall
stability of the protein than that of ECORNH*. It appears that
in the CCEO chimera we have combined the more stable core
of CtepRNH* with the relatively more stable periphery of
EcoRNH*. This combination has resulted in a protein with a
stability increased from that of either parent protein, despite the
creation of a new, nonoptimized interfacial region. The AC°p of
CCEOQ, between that of EcORNH* and CtepRNH*, both closer
to that of CtepRNH* and lower than predicted for a protein of
this size, indicates that the AC®pis mostly governed by the folding
core in this family of proteins (Table 1 and Figure 3).

The AC°pfor both C. tepidum RNase H chimeras created here
are significantly lower than that expected based on the assumed
native state structure (~2.7 kcal/(mol-K)). These results agree
with the previous studies on chimeras between E. coli and
T. thermophilus RNases H and support the hypothesis that this
core region is the primary determinant of the residual unfolded
state structure. CCTO has an identical AC°p to both its parent
proteins, which implies that either the CtepRNH* core comple-
tely dictates this feature or any extension outside the core region
is similar in the two parent proteins. The latter is not unreason-
able as both proteins arise from thermophilic organisms. The
slightly higher AC°p observed for CCEO may suggest that our
imposed boundaries do not completely encompass the residues
required for this property, and hence some of the residues en-
coding the residual structure reside either at the interface or
outside of the bounded region defined as the core.

Since the cores of the thermophilic proteins track with the
unusually low AC°p, we assume that this region of TthRNH*
and CtepRNH* shares properties with each other that are not
shared with the mesophilic homologue. It is interesting to note,
therefore, that while the pairwise identities between the three
proteins are all between 53% and 57% (Figure 6), the presumed

cores of TthRNH* and CtepRNH* are 62% identical while the
pairwise identity between either of the thermophiles and the
mesophilic protein is 54—55%. Out of the ~80 residues that
make up the presumed core, almost half (36) are conserved in all
three proteins. While some of these 36 residues are likely to be
involved in defining this low AC®p, they cannot be the only ones
responsible since we observed that mutation of completely con-
served sites such as 153 or L56 has dramatic effects on AC°p. It is
more likely that other core residues in the mesophilic protein are
responsible for disrupting this hydrophobic network that makes
up the residual structure. Interestingly, 13 of the residues in the
core that are not conserved between all three proteins are identical
in just the two thermophilic homologues. As the set of RNases H
that encode this unusually low AC®p enlarges, a rigorous bioin-
formatic analysis may lend insight into the genetic coding of this
unusual feature.

Using our site-specific mutagenesis approach, we have begun
to identify the residues that contribute to the low AC°p and,
presumably, therefore also contribute to the residual structure in
the unfolded state. While any mutation of a hydrophobic core
residue is likely to affect the stability of the protein, only variants
that disrupt the unfolded state structure will result in a restora-
tion of the higher AC°p seen in the mesophilic protein. Previous
studies on TthRNH* and EcoRNH* made point mutants at
residue 153, a completely buried residue located in the center of
the A helix. While the variant I53D destabilizes both EcoORNH*
and TthRNH?*, it also selectively alters the AC®p of TthRNH*,
restoring it to near the expected mesophilic value. Similarly, our
results here with the analogous mutation in CtepRNH* demon-
strated a large destabilizing effect. Surprisingly, however, intro-
ducing this dramatic mutation left the AC°p completely un-
changed. This unexpected result suggests that the residues
making up the hydrophobic network and therefore residual
structure in the unfolded state must be somewhat different in
the two proteins.
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Matthews and co-workers have suggested that clusters of
the hydrophobic residues isoleucine, leucine, and valine (ILV
clusters) play an important role in early collapse during protein
folding (28), so we hypothesized that these ILV clusters could
be related to the residual structure in the unfolded state. By
identifying changes between the ILV networks found in these two
proteins, we attempted to uncover differences in the composition
of structure in the unfolded state. Indeed, such an analysis on
the folding cores of TthRNH* and CtepRNH* revealed that
TthRNH* seems to have two main ILV clusters, with 153 central
to one cluster, while CtepRNH* has one larger cluster that does
not involve 153 as a central residue (Figure 5). Furthermore,
the residues involved in the CtepRNH* cluster extend past
the boundaries of the folding core as defined in previous
studies, potentially explaining the observed intermediate AC°p
for CCEO.

Our mutagenesis studies of residue 56 suggest that this site has
profound consequences on the protein. The mutation L56D
appears so disruptive that the native protein is too unstable for
biophysical analysis. Introduction of a polar residue (L56S)
raised the AC°p to create a CtepRNH* with apparent “meso-
phile-like” AC®p. Thus, by analogy, residue 56 appears be a key
component to the residual structure in the unfolded state of
CtepRNH*. A similar analysis of this position in TthRNH*
suggests that it also plays an essential role in the folding
of TthRNH*. Thus, we believe that the residual structure in
TthRNH* involves both ILV clusters identified, while the
residual structure in CtepRNH?* is limited to one main cluster
that is unaffected by mutations to residue 53. These data demon-
strate that the hydrophobic clustering in the unfolded state of
CtepRNH* has different boundaries than that of TthRNH. The
specific interactions that create and define the low AC°p in the
thermophilic RNases H are not conserved between the two.

Proteins that function at high temperature employ various
strategies to fold and function at the required temperature.
RNase H is one example of a large class of enzymes that achieve
this in part through a broadening of the protein stability curve
(i.e., a lowering of AC®p). Our results suggest that encoding
residual structure in the unfolded state of the protein in the region
of the folding core may be a general strategy used by the RNase H
family of enzymes. It will be interesting to see if other proteins
that employ this change in AC®p strategy do so through the
unfolded state structure in the region of the protein that folds
first. While the general strategy of a low AC°p appears conserved,
our results show that at the residue level the details of this strategy
are protein specific. Through our protein engineering approach,
we have successfully decoupled stability and residual structure in
the unfolded state, leading to the creation of a more “thermo-
phile-like” protein as defined through a raised overall stability
and lowered AC°p (CCEOQ). This approach should have impor-
tant implications for the design of novel enzymes that function at
elevated temperatures.
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SUPPORTING INFORMATION AVAILABLE

Examples of standard RNase H activity assays on the RNase
H variants CCEO, CCTO, CtepRNH* L56A, and CtepRNH*

Ratcliff and Marqusee

L56D and raw data from sample denaturant melts used to create
the reported protein stability curves. This material is available
free of charge via the Internet at http://pubs.acs.org.
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