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ABSTRACT: Functionally active elongation factor Ts (EF-Ts) fromThermus thermophilusforms a
homodimer. The dimerization interface of EF-Ts is composed of two antiparallelâ-sheets that can be
connected by an intermolecular disulfide bond. The stability of EF-Ts fromT. thermophilusin the presence
and absence of the intermolecular disulfide bond was studied by differential scanning calorimetry and
circular dichroism. The ratio of the van’t Hoff and calorimetric enthalpies,∆HvH/∆Hcal, indicates that
EF-Ts undergoes thermal unfolding as a dimer independently of the presence or absence of the disulfide
bond. This can be concluded from (1) the presence of residual secondary structure above the thermal
transition temperature, (2) the absence of concentration dependence, which would be expected for
dissociation of the dimer prior to unfolding of the monomers, and (3) a relatively low heat capacity change
(∆Cp) upon unfolding. The retained dimeric structure of the thermally denatured state allowed for the
determination of the effect of the intermolecular disulfide bond on the conformational stability of EF-Ts,
which is∆∆G(S-S,SH HS)) 10.5 kJ/mol per monomer at 72.5°C. The possible physiological implications
of the dimeric EF-Ts structure and of the intersubunit disulfide bond for the extreme conformational
stability of proteins in thermophiles are discussed.

The bacterial elongation factor Ts (EF-Ts)1 acts as a
nucleotide exchange factor in the functional cycle of elonga-
tion factor Tu (EF-Tu) and accelerates the guanine nucleotide
release from EF-Tu‚GDP. While EF-Ts fromE. coli (1) is
monomeric, its homologue inT. thermophilusis active as a
dimer (2-4). The crystal structures of EF-Ts in complex
with EF-Tu from both mesophilic (E. coli) (1) and thermo-
philic (T. thermophilus) (2) organisms revealed that despite
substantial differences in the length of the polypeptide
sequence and the quaternary structure, theE. coli EF-Ts
monomer structurally mimics theT. thermophilusEF-Ts
dimer. The arrangement of secondary structure elements in
E. coli EF-Ts including the biparite interface is very similar
to that of theT. thermophilusEF-Ts dimer, (EF-Ts)2. Both
the symmetrical dimerization domain ofT. thermophilusEF-
Ts (Figure 1) and the pseudo-symmetrical bipartite interface
of E. coli EF-Ts (1) are stabilized mainly by van der Waals

contacts between hydrophobic residues located in three
antiparallel â-strands. While theE. coli EF-Ts bipartite
interface is covalently connected by a peptide bond, theT.
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FIGURE 1: Dimerization interface ofThermus thermophilusEF-
Ts. The interface is stabilized by an intermonomer disulfide bridge
(yellow), hydrophobic interactions (blue), and ionic interactions
(negatively charged amino acids, red; positively charged amino
acids, green). Several intramonomer hydrophobic interactions also
occur between the three-strandedâ-sheet and the closest helix 5
(not shown for clarity).
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thermophilusEF-Ts monomers may be connected by an
intersubunit disulfide bond. The importance of the hydro-
phobic interaction in EF-Ts fromT. thermophilusfor its
function and stability was demonstrated by site-directed
mutagenesis (3, 4). The interference with EF-Ts dimerization
inhibits binding to EF-Tu and significantly reduces the
stability of EF-Ts (4). Although noncovalent intermonomer
interactions sufficiently stabilize theT. thermophilusEF-Ts
dimer at the high physiological temperatures, additional
stabilization might arise from a disulfide bridge between
cysteines 190 of both monomers (3, 5). Interestingly, among
all known EF-Ts sequences (3, 6) Cys190 is unique for
thermophilicT. thermophilusEF-Ts. This is surprising since
it is known that cystine residues can undergo heat-induced
â-elimination at elevated temperatures (7). In accordance
with that, there is a preference for hydrophobic residues that
replace cysteines in proteins from thermophilic organisms
(8). Moreover, cysteines are usually expelled from the
interface of dimeric proteins (9).

Recently, intra- and intermolecular disulfide bridges were
identified in several intracellular proteins from thermophilic
organisms (10-14). It is not clear, however, whether the
disulfide bonds can form and thus contribute to protein
stability in the presumably reducing environment of the
bacterial cytoplasm. Although there is no direct evidence for
the existence of the disulfide bond inT. thermophilusEF-
Ts in vivo (5), the possibility to induce a covalent linkage
in native EF-Ts offers a unique opportunity to study its effect
on the stability of the dimer. This is advantageous compared
to engineered disulfide bonds where unexpected alterations
of the native structure due to amino acid replacements may
occur (15). The effect of disulfide bridges on protein stability
has usually been investigated by intramolecular cross-linking
of cysteine residues. Most of these studies suggested that
disulfide linkages confer stability primarily by limiting the
conformational entropy of the unfolded state (16, 17). In
contrast, it was also suggested that disulfide bonds actually
destabilize the native state entropically by reducing the
exposure of hydrophobic residues to the solvent in the
denatured state. In this case, the role of cystine bridges in
stabilizing proteins is predominantly enthalpic as a conse-
quence of less favorable hydrogen bonding networks in the
cross-linked denatured state relative to those in the absence
of disulfide bonds (18). Proteins in thermophilic organisms
are frequently stabilized by noncovalent assemblies of
identical monomeric subunits (19-22). This observation led
to an increased interest in the stabilization effects of covalent
intersubunit bonds created either by engineered disulfide
bonds (23-26) or by chemically induced covalent cross-
links between protein monomers (27).

Dimers of elongation factor Ts fromT. thermophilusthat
naturally possess cysteine residues on the subunit interface
which are capable of forming a disulfide bond provide a
unique opportunity to test the contribution of this covalent
linkage to the stability of the dimer. The thermal denaturation
of the dimeric elongation factor Ts fromT. thermophilus
was therefore studied in the presence and in the absence of
a disulfide bridge by differential scanning calorimetry (DSC).
Microcalorimetry is especially suitable to study the thermo-
dynamic parameters of proteins whose melting temperatures
are above 100°C. In this work, we demonstrate that a

significant stabilization ofT. thermophilusEF-Ts homodimer
is achieved by an intermonomer disulfide bond.

EXPERIMENTAL PROCEDURES

Analytical-grade biochemicals were obtained from Merck
(Germany). Ultrapure guanidine hydrochloride and sodium
perchlorate were purchased from ICN, Biomedicals, Inc.
Guanidine and urea concentrations were determined from
refractive index measurements using an Abbe Refractometer
AR3-AR6. Construction, overexpression, and purification of
EF-Ts and its variants were done as described by Jiang et
al. (3). Heat-induced equilibrium unfolding transitions mea-
sured by circular dichroism were recorded in a Jasco J-600
spectropolarimeter equipped with a PTC-348 WI Peltier
element. The temperature reading was calibrated with a
precision thermometer (Brand, Wertheim, Germany). Protein
concentrations were 2.5µM in 10 mM sodium phosphate
buffer pH 7.0, and the desired concentration of guanidine
hydrochloride in 5 mm path-length cells. The scan rate was
1 K/min. Transitions were monitored by the increase in CD
at 222 nm (1 nm bandwidth) on denaturation. The ellipticity
is reported as the mean residue ellipticity and was calibrated
with (+)-10 camphorsulfonic acid. Nonlinear least-squares
regression (Grafit 3.0, Erithacus Software, Staines, U.K.) was
performed assuming a two-state equilibrium. Reversibility
of folding was examined by comparing the thermal transition
of recooled samples with the transition observed at the first
heating.

DSC measurements were carried out on a DASM-4
microcalorimeter. The volume of the measuring cell was
0.4786 cm3. Samples with 50 mM dithiothreitol were
incubated at 40°C for about 30 min prior to calorimetric
measurements. All DSC traces were corrected for a sigmoidal
baseline and for the difference in heat capacity between the
initial and final states (28). The calorimetric enthalpy was
derived from the area of the heat absorption peak. As the
observed heat effect, transition temperatureTtrs, and the shape
of melting curve do not significantly depend on the heating
rate (0.5-2 K/min) and protein concentration (0.25-2.0 mg/
mL), a van’t Hoff analysis for evaluation of thermodynamic
measurements was performed (29). The van’t Hoff enthalpy
was calculated from the same calorimetric curve according
to eq 1:

whereCp,max is the height of the heat capacity peak at the
denaturation temperature,Ttrs, and Qt is the peak area in
Joules. If the transition is of a two-state type without
aggregation of proteins, the ratio∆HvH/∆Hcal equals 1. For
a process with intermolecular cooperation,∆HvH/∆Hcal is
greater than 1, giving an estimation of the number of
molecules included in the cooperative units (30).

Proteins concentrations were determined by using calcu-
lated extinction coefficients at 280 nm according to Pace et
al. (31): εEF-Ts(wt) ) 11 523 M-1‚cm-1, εEF-Ts(C190A)) 11 460
M-1‚cm-1.

Thermodynamic Functions.If the heat capacity change
upon protein unfolding is not significantly temperature-
dependent, the thermodynamic functions for the unfolding
transition of a protein can be calculated from

∆HvH ) 4RTtrs
2Cp,max/Qt (1)
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where∆H(Ttrs) is the molar transition enthalpy atTtrs, ∆Cp

is the molar heat capacity change of unfolding,T is the
temperature (K), andTtrs is the transition temperature.

The variance in∆GNfD was calculated from (5):

RESULTS

Influence of the Intermolecular Disulfide Bridge on the
Melting Temperature of EF-Ts.To investigate the effect of
the intermolecular disulfide bridge in EF-Ts, the thermal
denaturation of EF-Ts wild type (wt) in the absence or
presence of 50 mM dithiothreitol and of EF-Ts(C190A) at
low ionic strength and pH 7.0 was measured by DSC (Figure
2, boldface curves). Removal of the intersubunit disulfide
bridge either by reduction with 50 mM dithiothreitol (5) or
by site-directed mutagenesis (C190A, Figure 2B) shifted the
thermal transition temperature of EF-Ts from 102.2 to 93 or
91 °C, respectively, with no effect on the calorimetric
enthalpy (∼400 kJ/mol). The virtually identical values of
calorimetric enthalpies and transition temperatures of reduced
EF-Ts(wt) and EF-Ts(C190A) indicate that the conformations
of both proteins are very similar. The ratios of the van’t Hoff
and the calorimetric enthalpy are about 2 in the presence
and absence of the disulfide bond, suggesting that the
cooperative unit during the thermal transition is a dimer. This
confirms previous results obtained by gel permeation chro-
matography at room temperature (3, 32) that demonstrated
that the intersubunit disulfide bond is not crucial for EF-Ts
dimerization.

The heat-denatured samples were clear, and denaturation
was apparently not accompanied by further heat-absorbing
or heat-releasing processes, indicating that the unfolded
polypeptide chains did not aggregate. After cooling of the
heated samples, the area under the heat absorption peak of
the second scan was reduced to 10% of that of the first scan
(data not shown). This indicates a practically irreversible
thermal denaturation of EF-Ts(wt) and its variant at low ionic
strength and at pH 7.0. The nature of this irreversible process
is unknown. However, if the irreversible step during thermal
transition were connected to a significant change in enthalpy,
an asymmetric DSC trace and/or a strong dependence of the
transition temperature on scan rate and protein concentration
would be expected (33, 34). However, the transition tem-
perature of the thermal denaturation of both proteins depends
neither on protein concentration (10-90 µM) nor on scan
rate (0.5-2.0 K/min) (data not shown), which indicates that
an irreversible step occurs only above the transition tem-
perature. It has been shown that in such a special case, despite
irreversibility of thermal denaturation, the application of

equilibrium thermodynamics to the transition does not lead
to major errors (33). Indeed, the ratio of van’t Hoff and
calorimetric enthalpies is about 2, which is in accordance
with the crystallographically observed dimer (2) and gel
permeation chromatography experiments (5). Thus, an ir-
reversible process connected with a significant enthalpy
change does not take place, allowing the thermodynamic
analysis of EF-Ts unfolding.

Effect of pH on the Stability of EF-Ts.EF-Ts is strongly
charged, containing 68 negative, 66 positive charges, and 8
histidines per dimer and at least 34 ionic bonds per dimer at
pH 7 (3). To estimate the contribution of electrostatic
interactions between polypeptide chains to the stability of
the homodimer, DSC measurements were performed in the
range from pH 4.0 to pH 12.0. Corrected DSC traces of EF-
Ts(wt) and EF-Ts(C190A) in the range of pH 7.0-12.0 are
shown in Figure 2A and 2B, respectively. Despite irreversible
thermal transitions, the DSC scans are symmetrical and
without apparent distortions. The calculated isoelectric point
of EF-Ts(wt) is 6.0. A shift of the pH below 7 will decrease
the net charge of the protein surface and thus increase the
likehood of nonspecific ionic interactions. Such nonspecific
protein-protein interactions leading to aggregation are
reflected by∆HvH/∆Hcal > 2 below pH 7 (data not shown).
As demonstrated by∆HvH/∆Hcal values close to 2 (Figure
3C) above pH 7, EF-Ts(wt) and also EF-Ts(C190A) remain
in dimeric form under these conditions. Further thermody-
namic analysis was therefore confined only to data obtained
at pH >7.

Both transition temperature,Ttrs (Figure 3A), and calori-
metric enthalpy,∆Hcal (Figure 3B), decrease with increasing
pH. These pH-dependent profiles are in accordance with the
isoelectric point of the protein, as an increasing pH causes
a prevalence of negatively charged groups, that perturb the
net of ionic interactions and lead to destabilization of the
protein.

FIGURE 2: DSC measurements of EF-Ts in the presence and
absence of an intermonomer disulfide bond. Corrected calorimetric
recordings at different pHs of EF-Ts(wt) (A) shown from right to
left were acquired at pH 7.0, 7.9, 9.0, 10.9, 11.6, and 11.9, and
EF-Ts in the presence of 50 mM dithiothreitol (B) at pH 7.0 (dashed
line), and EF-Ts(C190A) (B) at pH 7.0, 8.0, 9.1, 10.0, 11.0, and
11.8 (the extreme pH values are indicated). EF-Ts(wt) (A) and EF-
Ts(C190A) (B) at pH 7.0 and EF-Ts in the presence of 50 mM
dithiothreitol (B) are highlighted by thick lines for comparison. In
all cases, the protein concentration was 22.2µM in 10 mM sodium
phosphate and 10 mM glycine buffers. The scan rate of heating
was 1 K/min. Vertical lines designate a heat capacity of 1.0 mJ/K.

∆H(T) ) ∆H(Ttrs) - ∆Cp(Ttrs - T) (2)

∆S(T) ) ∆H(Ttrs)/Ttrs - ∆Cp ln (Ttrs/T) (3)

∆G(T) ) ∆H(Ttrs)(1 - T/Ttrs) + ∆Cp(T - Ttrs) -
∆Cp ln (T/Ttrs) (4)

σ∆G
2 ) [(1 - T

Ttrs
)σ∆H]2

+ [((T - Ttrs) - T ln
T

Ttrs)σ∆Cp]2
+

[(( T
Ttrs

- 1)∆Cp + T

Ttrs
2

∆Htrs)σ∆Tm]2
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Structure of the Thermally Unfolded EF-Ts.The thermo-
dynamic parameters of the thermal unfolding of EF-Ts(wt)
and EF-Ts(C190A) can be compared only under the premise
that the native and thermal unfolded states of both proteins
are very similar. Therefore, the CD spectra of EF-Ts(wt) and
EF-Ts(C190A) in native (20°C) and denatured (105°C)
states were compared (Figure 4A). The shape and mean
molar ellipticities of the CD spectra at 20°C of both proteins
are almost identical. This indicates that EF-Ts(C190A) retains
the same secondary structure as EF-Ts(wt) under these
conditions. Similar results were obtained with both proteins
over a pH range from 4.0 to 12.0; i.e., the secondary
structures of the both proteins remain unperturbed within
this pH range. The comparison of CD spectra of EF-Ts at
105°C in the presence and in the absence of 6.0 M guanidine

hydrochloride revealed that EF-Ts retained part of its
secondary structure even at harsh conditions beyond the
boiling point of water (Figure 4A). Cooling of the heated
sample leads to a nearly complete recovery of the secondary
structure, whereas the restored tertiary structure differs from
that of the native state. This is based on the DSC measure-
ments that showed that after the first heating and cooling,
reheating induces a noncooperative thermal denaturation of
the sample. The preserved secondary structure and perturbed
tertiary structure most likely can be described by a molten
globule-like state of the recooled EF-Ts after thermal
transition.

Further evidence for the persistent secondary structure was
obtained from thermal transition experiments of EF-Ts-
(C190A) monitored by CD at 222 nm in the presence of
guanidine hydrochloride. Figure 4B demonstrates that re-
sidual secondary structure, reflected by the negative ellipticity
at 95 °C in the absence of denaturants (trace 1), already
unfolds in the presence of relatively small concentrations of
guanidine hydrochloride (trace 2). This residual ellipticity
is identical with that of EF-Ts(C190A) in the presence of 6
M guanidine hydrochloride at 95°C (trace 3). The persistent
secondary structure cannot be destroyed by high ionic
strength (2 M NaCl) (data not shown), suggesting that it is
stabilized predominantly by hydrophobic and not by ionic
interactions.

Effect of Chaotropic Salts on the Thermal Stability of EF-
Ts.CD measurements indicate a nearly complete reversibility
of secondary structure unfolding of EF-Ts in thermal
denaturation/renaturation experiments (Figure 4A). On the
other hand, the tertiary structure of EF-Ts(wt) and EF-Ts-
(C190A) could not be restored by cooling a denatured sample
as judged by DSC. This prompted us to find suitable
conditions under which a correctly folded protein is formed.
Incorrect interactions during refolding can be avoided by the
optimal concentration of denaturants such as urea, or
chaotropic salts such as guanidine hydrochloride or NaClO4.
With EF-Ts(C190A), a full reversibility of the thermal
transition was observed in the presence of 2.5 M NaClO4

(data not shown). According to the Hofmeister anion series,
the chaotropic perchlorate anion “salts-in” the peptide group,
and consequently interacts more strongly with the unfolded
form of a protein than with its native form (35).

Thermodynamic parameters determined from the analysis
of DSC thermograms of EF-Ts(wt) and its variant C190A
at different concentrations of NaClO4 are shown in Figure
5. The transition temperatures of both EF-Ts(wt) and EF-
Ts(C190A) decrease linearly with increasing salt concentra-
tions (Figure 5A). The replacement of cysteine 190 for
alanine increases the sensitivity of the calorimetric enthalpy
to NaClO4, as reflected by its steeper linear decrease in the
case of EF-Ts(C190A) in comparison to that of EF-Ts(wt)
(Figure 5B). The observed difference in sensitivity of EF-
Ts(wt) and its variant C190A toward the denaturing effect
of NaClO4 seems to indicates that the intermolecular disulfide
bond decreases the penetration of the salt into the dimer
interface. The∆HvH/∆Hcal values (Figure 5C) suggest that
the cooperative unit of EF-Ts(C190A) is a dimer even at
high concentrations of NaClO4.

In Figure 5D the reversibilities of the thermal denaturation
of EF-Ts(wt), EF-Ts(C190A), and EF-Ts(wt) in the presence
of 50 mM dithiothreitol at different NaClO4 concentrations

FIGURE 3: pH dependence of thermal transition temperatures of
EF-Ts in the presence and absence of an intermonomer disulfide
bond (A). Calorimetric enthalpies (B) and the ratio∆HvH/∆Hcal (C).
EF-Ts(wt) (circles), EF-Ts(C190A) (stars), and EF-Ts(wt) in the
presence of 50 mM dithiothreitol (triangles) at pH 7.0 are compared.
Protein concentrations were 15.5-31.1 µM.

FIGURE 4: CD spectra of EF-Ts in the presence and absence of an
intermonomer disulfide bond. (A) EF-Ts(wt) (open circles), EF-
Ts(C190A) (closed circles) at 20°C; EF-Ts(wt) (open triangles),
EF-Ts(C190A) (closed triangles) at 105°C; after recooling of EF-
Ts(wt) from 105 to 20°C (stars) in 10 mM phosphate buffer, pH
7.0, and Ts(wt) in 6.0 M guanidine hydrochloride, 10 mM sodium
phosphate buffer, pH 7.0 at 105°C (diamonds). The protein
concentration was 2.5µM. (B) Temperature denaturation of EF-
Ts(C190A) without (1) and in the presence of 0.70 M (2) and 6.0
M (3) guanidine hydrochloride observed at 222 nm in 10 mM
phosphate buffer, pH 7.0. Protein concentration was 2.5µM. The
ellipticity is reported as the mean residue ellipticity.
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are compared. In the absence of the disulfide bridge, the
reversibility is significantly higher with an optimum at 2.5
M NaClO4. The high reversibility of the thermal transition
of EF-Ts(C190A) in the absence of the reducing agent is
surprising, since EF-Ts possesses an additional cysteine at
position 78 which could interfere with refolding. Apparently,
even at high temperatures this residue is hindered from
disulfide bond formation by residual secondary structure.

In Figure 6 the calorimetric traces, expressed in molar
calorimetric enthalpy, of EF-Ts(wt) in the presence of 50
mM dithiothreitol at 2.5 M NaClO4 are shown. Enthalpy and
transition temperature do not depend on protein concentration
in the range from 0.22 to 1.29 mg/mL (10-60 µM) under
these conditions. Accordingly, transition temperatures and
van’t Hoff enthalpies are 101.5°C and 818.6 kJ/mol per
dimer for EF-Ts(wt) and 91.1°C and 683.8 kJ/mol per dimer
for EF-Ts(C190A), respectively. Thus, the values obtained
by CD at a protein concentration of 0.056 mg/mL correspond
to the values determined calorimetrically. This further

underlines the notion that the dimer is the cooperative unit
of the thermal transition.

Estimation of∆Cp and ∆G of the Thermal Unfolding of
EF-Ts. Enthalpy transitions,∆Hcal, and dependencies on
transition temperatures,Ttrs, obtained at different pHs and
NaClO4 concentrations, for both wt and C190A variant are
shown in Figure 7. Heat capacity changes,∆Cp, upon
unfolding for both proteins were calculated from the slopes
of the linear regressions. The∆Cp values were 2.59( 0.24
kJ/(mol‚K) per monomer EF-Ts(wt) and 5.55( 0.34 kJ/
(mol‚K) per monomer for EF-Ts(C190A) and reduced EF-
Ts(wt), respectively. As expected,∆Cp for the dimer
containing the disulfide bridge is smaller than∆Cp for the
dimer without the disulfide bridge. This reflects an increase
in the accessible surface area of the dimeric EF-Ts in the
absence of the disulfide bond.

The results of this investigation demonstrate that the
thermal unfolding of EF-Ts(wt) and the EF-Ts(C190A)
proceeds as a cooperative two-state transition in the range
from 20 to 105°C. Both the native and the unfolded states
of the proteins are dimers. The obtained values of∆Cp, Ttrs,
and∆Hcal enabled us to calculate the stabilization effect of
the disulfide bridge in the dimer of EF-Ts. The contribution
of the disulfide bridge to the stability of EF-Ts, at 72.5°C,
is ∆∆G(S-S,SH HS)) 10.5 kJ/mol per monomer (Figure 8A).
The relatively low∆Cp of EF-Ts(wt) flattens the dependence
of the free energy on temperature. Therefore, the maximum
stability of EF-Ts(wt) is at lower temperatures as compared
to EF-Ts(C190A). EF-Ts(wt) with the disulfide bridge is
more stable than the variant C190A at all temperatures
(Figure 8A).

DISCUSSION

Effect of the Intermonomer Disulfide Bond on the ReVers-
ibility of the Thermal Transition.Proteins from thermophiles
are usually extremely stable and have high transition tem-
peratures, frequently above the boiling point of water. Often,
their thermodynamic characterization is impeded by irrevers-
ible side reactions during the thermal analysis, e.g., irrevers-

FIGURE 5: Effect of NaClO4 concentration on the calorimetric
enthalpy,∆Hcal (A), the temperature of the thermal transition,Ttrs
(B), the ratio∆HvH/∆Hcal (C), and the reversibility of the thermal
transitions (D) of EF-Ts(wt) (circles), EF-Ts(C190A) (stars), and
EF-Ts(wt) in the presence of 50 mM dithiothreitol (triangles) in
10 mM phosphate buffer, pH 7.0. Protein concentrations were 15.5-
31.1 µM.

FIGURE 6: Temperature dependence of the excess heat molar
capacity of EF-Ts(wt) at different protein concentrations: 9.8
(- ‚ -), 20.0 (---), 29.8 (- -), and 57.3 (s) µM in the presence
of 50 mM dithiothreitol in 10 mM sodium phosphate buffer, pH
7.0, and 2.5 M NaClO4.

FIGURE 7: Enthalpies of thermal transition of EF-Ts(wt) (empty
symbols) and EF-Ts(C190A) (solid symbols) measured at various
pHs and NaClO4 concentrations, respectively, and EF-Ts(wt) in
the presence of 50 mM dithiothreitol (triangles) at different NaClO4
concentrations plotted against transition temperatures. Cross and
star symbols depict∆HvH/2 values, i.e.,∆HvH per monomer,
obtained from CD measurements of EF-Ts(wt) and EF-Ts(C190A)
variant, respectively, at pH 7.0 in 10 mM sodium phosphate buffer.
From the slopes of the linear regressions,∆Cp ) 2.59( 0.24 kJ/
(mol‚K) per monomer (correlation coefficientR ) 0.923) for EF-
Ts(wt) and∆Cp ) 5.55 ( 0.34 kJ/(mol‚K) per monomer (R )
0.965) for EF-Ts(C190A) or reduced EF-Ts(wt) were calculated.

Thermostability of EF-Ts Biochemistry, Vol. 40, No. 32, 20019583



ible chemical modification or aggregation (36). The thermal
transition of EF-Ts fromT. thermophilusis irreversible at
low ionic strength. Nevertheless, it can be analyzed by
equilibrium thermodynamics because: (i) precipitation or
aggregation did not occur during DSC measurements; (ii)
as demonstrated by CD spectroscopy, cooling of the heated
sample resulted in nearly complete recovery of the secondary
structure of both oxidized and reduced forms of EF-Ts over
a broad pH range; and (iii) the ratio∆HvH/∆Hcal of 2 is in
agreement with the crystal structure of EF-Ts(wt) (2, 3). This
points to a dimeric cooperative unit during the thermal
denaturation, and aggregation of EF-Ts would result in∆HvH/
∆Hcal > 2.

Recently, it was observed that the presence of a chaotropic
agent significantly increases the reversibility of the thermal
transition of the homodimeric spherulin 3a fromPhysarum
polycephalum(37). In a similar manner, NaClO4 improves
the reversibility of the thermal transition of EF-Ts provided
that the intersubunit disulfide bridge is absent. The complete
recovery of EF-Ts(wt) tertiary structure in the presence of
2.5 M NaClO4 and 50 mM dithiothreitol indicates that
irreversible chemical modification of cysteine residues does
not take place during thermal denaturation. Thus, the
intermonomer disulfide bridge probably decreases the flex-
ibility of the hydrophobic dimer interface and prevents the
correct folding of EF-Ts(wt) (Figure 5D).

Comparison of the Dimer Interface in the Absence and
Presence of the Disulfide Bond.The extent of exposure of

buried surface area to solvent upon unfolding is reflected
by two thermodynamic parameters, the partial molar heat
capacity∆Cp and the denaturantmvalue, which are generally
dominated by the positive contribution of solvating nonpolar
surfaces (38).

Thermal unfolding of dimeric proteins may be generally
described by the scheme:

where N2 is the native dimer, I2 is the partially unfolded
dimeric intermediate, U is the completely unfolded monomer
(for noncovalently connected dimers), and U2 is the com-
pletely unfolded dimer (for covalently linked dimers). The
∆Cp values for two-state N2 H 2U processes are in the same
range (23, 39, 40) as those for monomeric proteins (41). A
three-state thermal unfolding was described for the dimeric
E. coli Trp repressor (40). Despite an apparently complete
exposure of the aromatic side chains, the thermal transition
N2 H I2 of this protein was characterized by a small∆Cp.
This observation is similar to the very low∆Cp obtained for
the thermal transition of (EF-Ts)2. In fact, the∆Cp values
obtained for EF-Ts(wt) and EF-Ts(C190A), of 2.59 ((0.24)
kJ/(mol‚K) and 5.55 ((0.34) kJ/(mol‚K) per monomer,
respectively, are significantly lower than the values calculated
from the difference in accessible surface area (∆ASA) of
the protein in its native and denatured states (38). In this
calculation, the linear dependence of∆ASA on the number
of residues (Nres ) 196),∆ASA ∼ -907 + 93Nres, is used
to determine∆Cp. ∆Cp should be the same for the oxidized
and reduced forms of EF-Ts,∆Cp ∼ -251+ 0.19∆ASA )
12.73 kJ/(mol‚K) per monomer. Vice versa, from obtained
∆Cp values, it is possible to calculate the number of residues
taking part in thermal unfolding. Here, we obtain 59 and 99
residues for EF-Ts(wt) and EF-Ts(C190A), respectively.
These numbers are in conflict with the total number of amino
acid residues in EF-Ts and indicate different exposure of
the buried surface area of EF-Ts(wt) and EF-Ts(C190A) upon
thermal denaturation. The persistent secondary structure of
EF-Ts(wt) and EF-Ts(C190A) even above transition tem-
peratures (Figure 4) as well as the independence of their
thermal transitions on protein concentration (Figure 6)
strongly suggests the existence of dimeric intermediates
under these conditions. Thus, EF-Ts remains in the inter-
mediate dimeric state, and the measured thermal transitions
of EF-Ts can be described by the scheme:

However, even if the 2156 Å2 of ∆ASA of the buried
interface in the EF-Ts dimer (3) is not considered, the
calculated∆Cp is still significantly higher than the experi-
mentally determined value (data not shown). Therefore,
additional factors must influence the∆Cp value.

First, the contribution of the N-terminal domain of EF-Ts
to ∆Cp is probably minimal. This domain is disordered in
the crystal structure of EF-Ts (3), and its removal does not
affect the stability of the protein (42). The reported∆Cp value
of a 50-residue-long helical peptide, which is close to 0 (43),
suggests that the contribution of a similarR-helical N-domain
of EF-Ts to∆Cp is also minimal. Thus, a major contribution
to ∆Cp of EF-Ts originates from the structure of the

FIGURE 8: (A) Stability profiles of EF-Ts(wt) (upper curve) and
EF-Ts(C190A) (lower curve) at pH 7.0 calculated fromTtrs, ∆Hcal,
and∆Cp 102.2°C, 402.2 kJ/mol, and 2.59 kJ mol-1 K-1 and 91.7
°C, 398.8 kJ/mol, and 5.55 kJ mol-1 K-1, respectively, as a function
of temperature calculated according to eq 4. Ranges of experi-
mental error areTtrs ( 0.3 K, ∆Hcal ( 10%, and∆Cp ( 10%. The
error limits for ∆Gunf at pH 7.0, calculated according to eq 5, are
indicated by dashed and dotted lines for EF-Ts(wt) and EF-Ts-
(C190A), respectively. The optimal growth temperature ofT.
thermophilusis indicated by the arrow. (B) Temperature dependence
of the calculated differences of transition enthalpies,∆Htrs(EF-Ts-
(wt)) - ∆Htrs(EF-Ts(C190A))) ∆∆Htrs, entropy changes upon
unfolding,∆Strs(EF-Ts(wt))- ∆Strs(EF-Ts(C190A))) ∆∆Strs, and
free energies,∆G(EF-Ts(wt))- ∆G(EF-Ts(C190A))) ∆∆G, of
EF-Ts(wt) and EF-Ts(C190A). Values of 375.35 K, 402.2 kJ/mol,
2.59 kJ/(mol‚K) and 364.85 K, 398.8 kJ/mol, 5.55 kJ/(mol‚K) for
Ttrs, ∆Htrs, and∆Cp of EF-Ts(wt) and EF-Ts(C190A), respectively,
obtained by DSC measurements in 10 mM sodium phosphate buffer
(pH 7.0) were used. The ranges of the experimental error areTtrs
( 0.3 K, ∆Hcal ( 10%, and∆Cp ( 10%, respectively.

N2 H I2 H 2U (U2)

N2 H I2
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C-domain. Second, the persistent secondary structure of both
the oxidized and reduced forms of EF-Ts observed at 105
°C probably contains antiparallelâ-strands (Figure 1).
Nevertheless, a minimum at 222 nm in the CD spectra
(Figure 4) indicates a small contribution ofR-helix (44). Such
a stable core of EF-Ts(wt) is in agreement with the presence
of both intermolecular and intramolecular interactions that
stabilize the entire dimeric region (Figure 1).

If both the amino acid residues of the N-domain and the
residues buried in the dimer interface are neglected, the
calculated∆Cp is 7.31 kJ/(mol‚K) per monomer. However,
this value is still higher than the experimentally determined
values of∆Cp of the oxidized and reduced forms of EF-Ts.
The small∆Cp therefore may reflect the differences in the
dynamics of the persistent secondary structures in oxidized
and reduced forms of EF-Ts above transition temperatures.
The localization of the disulfide bond close to the carboxyl
ends of both polypeptides probably rigidifies not only the
dimeric interface but, also through long-distance interactions,
also the conformation of the entire (EF-Ts)2. Moreover, it
can be assumed that the unfolded N-domain, which is
connected to the edge of theâ-sheet of the dimer interface
by a polypeptide hinge, destabilizes this region at high
temperatures (42). This may contribute significantly to the
increased∆Cp of EF-Ts(C190A) relative to that of EF-Ts-
(wt).

Temperature Dependence of Thermodynamic Parameters.
Dependencies of∆Htrs, ∆Strs, and ∆G (Figure 8A) on
temperature can be calculated by utilizing∆Cp values and
the thermodynamic parameters of thermal transitions of
oxidized and reduced EF-Ts forms. Comparison of these
parameters allowed us to assess the effect of temperature
and the role of the disulfide bond on the stability of (EF-
Ts)2. From this thermodynamic analysis, it follows that: (i)
the intermonomer disulfide bond stabilizes the EF-Ts dimer
over a wide temperature range; (ii) the difference of∆G(EF-
Ts(wt))- ∆G(EF-Ts(C190A)) has a minimum at the optimal
growth temperature ofT. thermophilus(70-75 °C) (Figure
8B); (iii) the gain in stability due to the disulfide bond is
caused by an enthalpic factor at temperatures below 77°C
and by an entropic factor at higher temperatures (Figure 8B).

Thus, the nature of stabilization of (EF-Ts)2 by the
disulfide bond is complex. In accordance with Doig and
Williams (1991) (18), we propose that a diminished exposure
of hydrophobic residues due to the intermonomer disulfide
bond results in a decreased ordering of solvents (hydrophobic
effect), as manifested by a small∆Cp and positive∆∆Strs

below 77°C. In terms of enthalpy, the disulfide cross-link
destabilizes the unfolded state, since the hydrogen bond
network is energetically less favorable in an unfolded state,
which is constrained by the cross-link compared to an
unconstrained random coil (18). However, in the case of EF-
Ts(wt) and EF-Ts(C190A), the thermally denatured states
are far from unconstrained random coils. Thus, a positive
∆∆Htrs at lower temperatures is probably induced by the
rigidity of the dimer interface cross-linked by the disulfide
bond which strengthens intermonomer interactions in the
interface. The hydrophobic effect increases with temperature
(41), as reflected by the decreasing ellipticity at 222 nm of
EF-Ts (Figure 4B, curve 3). The decreased difference in
flexibility of the oxidized and reduced forms of EF-Ts at
high temperature is reflected by a decrease in∆∆Htrs (Figure

8B). The value of this parameter became negative above 79
°C, i.e., when the effect of the cross-link on the denatured
state is overcompensated, the hydrophobic effect in the dimer
interface (18). Therefore, the difference of∆S(EF-Ts(wt))
- ∆S(EF-Ts(C190A)) is negative at temperatures above 75
°C, where the effect of the disulfide bridge on the confor-
mational entropy of the polypeptide chain of EF-Ts(wt) is
outweighed by an increased entropy of the more flexible
denatured state of EF-Ts(C190A).

Strategies Implied in Stabilization of the Dimer Interface.
In addition to hydrophobic interactions, there are several
electrostatic interactions of amino acid side chains, located
at the edge of the interface (Figure 1). Either these are
intramolecular, as in Arg191/Glu193, or they create a net of
intra- and intermolecular interactions, as may be seen
between the Glu75 and Arg188 of one subunit and the
carboxy terminus of Ala196 of the second subunit. Impor-
tantly, these interactions are doubled due to the 2-fold
symmetry of the dimer.

The results of several recent investigations indicate that
electrostatic interactions contribute significantly to the stabil-
ity of thermophilic and hyperthermophilic proteins (45, 46).
In hyperthermophilic proteins, the electrostatic interactions
are enhanced by optimal placement of the charged amino
acid residues within the structure of the protein. Further
contributions to protein stability were ascribed to interactions
that reduce the entropy of the unfolded state (47). Our work
demonstrates that both of these principles, optimal localiza-
tion of ionic interactions on the symmetrical dimer interface
and the covalent link between domains, contribute to the
stabilization of EF-Ts.

Recently, it was demonstrated that electrostatic interactions
between amino acid residues of N- and C-termini are crucial
for thermostability of the monomeric cold shock protein from
Bacillus caldolyticus(48). In EF-Ts, such interactions involve
two polypeptide chains. The 2-fold symmetry of the EF-Ts
dimer suggests a strategy in the evolution of thermophiles,
where one point mutation exercises its stabilization effect
twice. It is interesting to note that high concentrations of
neither urea (9 M), as a nonionic denaturant, nor NaCl (2
M), as a purely ionic agent, were capable of perturbing the
secondary structure and the stability of EF-Ts(C190A) (data
not shown). In contrast, the presence of ionic chaotropic
agents such as perchlorate or guanidine hydrochloride affects
the stability and structure of EF-Ts even at low concentra-
tions (Figure 4). Thus, a synergistic effect of a number of
hydrophobic and electrostatic interactions in the dimer
interface of (EF-Ts)2 may explain the observed extreme
stability.

Biological Implications of Extreme Stability of Dimeric
EF-Ts.The structure of the EF-Ts dimer from the extreme
thermophileT. thermophilusis similar to that of the EF-Ts
monomer from the mesophileE. coli (1, 2). A dimeric
structure was also observed in EF-1â from the thermoaci-
dophilic archaeonSulfolobus solfataricus(49). Here, we
demonstrate that dimer formation can efficiently contribute
to the overall thermal stability of the protein and that the
symmetric arrangement of the dimer interfaces may be an
important principle in the evolution of proteins in thermo-
philes. Thus, the compact interface of dimeric EF-Ts from
T. thermophilusmay reflect the evolution toward achieving
a high degree of stability at the physiological temperatures
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of thermophiles with relatively short polypeptide chains. On
the other hand, the stability of an enzyme far beyond the
growth temperature of the organism may result in poor
catalytic efficiency as flexibility is required for activity (50).
However, this may not be a disadvantage for proteins with
a solely mechanical nature of action, e.g., cytochromec (51),
or ferredoxin (52), or EF-Ts. EF-Ts forms a complex with
EF-Tu‚GDP and induces a conformational change in EF-Tu
leading to dissociation of the nucleotide (1, 2). Since the
flexibility of nucleotide-free EF-Tu is considerably higher
than that of nucleotide-bound forms, EF-Tu‚GDP and EF-
Tu‚GTP, it is reasonable to expect that in a stable (EF-Ts)2‚
EF-Tu complex EF-Tu is stabilized by EF-Ts in a strained
conformation that is optimal for reaction with GTP.
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