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ABSTRACT. Functionally active elongation factor Ts (EF-Ts) frohermus thermophilugorms a
homodimer. The dimerization interface of EF-Ts is composed of two antipafalbkets that can be
connected by an intermolecular disulfide bond. The stability of EF-Ts fothermophilusn 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 enthalpi®kl,nu/AHcq, 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
(ACp) 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 iSAAGs-s sH ns)= 10.5 kd/mol per monomer at 72°E&. 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-Tsjcts as a
nucleotide exchange factor in the functional cycle of elonga-
tion factor Tu (EF-Tu) and accelerates the guanine nucleotide
release from EF-TAGDP. While EF-Ts fronE. coli (1) is
monomeric, its homologue if. thermophiluss active as a
dimer @—4). The crystal structures of EF-Ts in complex
with EF-Tu from both mesophilicH. coli) (1) and thermo-
philic (T. thermophilu (2) organisms revealed that despite -
substantial differences in the length of the polypeptide ‘,.L }.;:"'"T
sequence and the quaternary structure, Ehecoli EF-Ts =) A
monomer structurally mimics th&. thermophilusEF-Ts 7
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) Both
the symmetrical dimerization domain ©f thermophilu€EF-

Ts (Figure 1) and the pseudo-symmetrical bipartite interface
of E. coli EF-Ts (1) are stabilized mainly by van der Waals
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thermophiluseF-Ts monomers may be connected by an significant stabilization ofr. thermophilu€F-Ts homodimer
intersubunit disulfide bond. The importance of the hydro- is achieved by an intermonomer disulfide bond.

phobic interaction in EF-Ts fronT. thermophilusfor its

function and stability was demonstrated by site-directed EXPERIMENTAL PROCEDURES

mutagenesis3 4). The interference with EF-Ts dimerization Analytical-grade biochemicals were obtained from Merck

inhibits binding to EF-Tu and significantly reduces the (Germany). Ultrapure guanidine hydrochloride and sodium
stability of EF-Ts ¢). Although noncovalent intermonomer e rchiorate were purchased from ICN, Biomedicals, Inc.
interactions sufficiently stabilize the. thermophilu£F-TS G anidine and urea concentrations were determined from
dimer at the high physiological temperatures, additional refractive index measurements using an Abbe Refractometer
stabilization might arise from a disulfide bridge between ar3 ARg. Construction, overexpression, and purification of
cysteines 190 of both monomes; 6). Interestingly, among  gf.Ts and its variants were done as described by Jiang et
all known EF-Ts sequences, (6) Cys190 is unique for 5 (3). Heat-induced equilibrium unfolding transitions mea-
_th_ermophlllcT. therm_oph|lu£F-Ts. This is surprising SINC€  sured by circular dichroism were recorded in a Jasco J-600
it |s_kn_owr_1 that cystine residues can undergo heat"”ducedspectropolarimeter equipped with a PTC-348 WI Peltier
p-elimination at elevated temperatured.(In accordance  glement. The temperature reading was calibrated with a
with that, therg is a.prefere.nce for hydrophoblp.reSIdues thatprecision thermometer (Brand, Wertheim, Germany). Protein
replace cysteines in proteins from thermophilic organisms ¢gncentrations were 2.5M in 10 mM sodium phosphate
(8). Moreover, cysteines are usually expelled from the pyffer pH 7.0, and the desired concentration of guanidine
interface of dimeric proteinsoy. hydrochloride in 5 mm path-length cells. The scan rate was
Recently, intra- and intermolecular disulfide bridges were 1 K/min. Transitions were monitored by the increase in CD
identified in several intracellular proteins from thermophilic at 222 nm (1 nm bandwidth) on denaturation. The ellipticity
organisms 10—14). It is not clear, however, whether the is reported as the mean residue ellipticity and was calibrated
disulfide bonds can form and thus contribute to protein with (+)-10 camphorsulfonic acid. Nonlinear least-squares
stability in the presumably reducing environment of the regression (Grafit 3.0, Erithacus Software, Staines, U.K.) was
bacterial cytoplasm. Although there is no direct evidence for performed assuming a two-state equilibrium. Reversibility
the existence of the disulfide bond in thermophilusEF- of folding was examined by comparing the thermal transition
Ts in vivo (5), the possibility to induce a covalent linkage of recooled samples with the transition observed at the first
in native EF-Ts offers a unique opportunity to study its effect heating.
on the stability of the dimer. This is advantageous compared DSC measurements were carried out on a DASM-4
to engineered disulfide bonds where unexpected alterationsmicrocalorimeter. The volume of the measuring cell was
of the native structure due to amino acid replacements may0.4786 cm. Samples with 50 mM dithiothreitol were
occur (15). The effect of disulfide bridges on protein stability incubated at 40C for about 30 min prior to calorimetric
has usually been investigated by intramolecular cross-linking measurements. All DSC traces were corrected for a sigmoidal
of cysteine residues. Most of these studies suggested thabaseline and for the difference in heat capacity between the
disulfide linkages confer stability primarily by limiting the  initial and final statesZ8). The calorimetric enthalpy was
conformational entropy of the unfolded state5,(17). In derived from the area of the heat absorption peak. As the
contrast, it was also suggested that disulfide bonds actuallyobserved heat effect, transition temperafliggand the shape
destabilize the native state entropically by reducing the of melting curve do not significantly depend on the heating
exposure of hydrophobic residues to the solvent in the rate (0.5-2 K/min) and protein concentration (0.22.0 mg/
denatured state. In this case, the role of cystine bridges inmL), a van't Hoff analysis for evaluation of thermodynamic
stabilizing proteins is predominantly enthalpic as a conse- measurements was performe®). The van't Hoff enthalpy
quence of less favorable hydrogen bonding networks in the was calculated from the same calorimetric curve according
cross-linked denatured state relative to those in the absencéo eq 1:
of disulfide bonds 18). Proteins in thermophilic organisms
are frequently stabilized by noncovalent assemblies of AH,, = 4R'I't,SZprma>[Qt Q)
identical monomeric subunitd @—22). This observation led
to an increased interest in the stabilization effects of covalentyhere C, .., is the height of the heat capacity peak at the

intersubunit bonds created either by engineered disulfide enaturation temperaturdys, and Q is the peak area in
bonds 23-26) or by chemically induced covalent cross- joyles. If the transition is of a two-state type without
links between protein monomerga). aggregation of proteins, the ratitH,/AHcy equals 1. For
Dimers of elongation factor Ts from. thermophilughat a process with intermolecular cooperatid¥tyy/AHca is
naturally possess cysteine residues on the subunit interfacegreater than 1, giving an estimation of the number of
which are capable of forming a disulfide bond provide a molecules included in the cooperative uniB)
unigue opportunity to test the contribution of this covalent  Proteins concentrations were determined by using calcu-
linkage to the stability of the dimer. The thermal denaturation lated extinction coefficients at 280 nm according to Pace et
of the dimeric elongation factor Ts frofi. thermophilus  al. 31): €erTswy = 11 523 ML-cm™, €er15(c190a)= 11 460
was therefore studied in the presence and in the absence oM ~1-cm™.
a disulfide bridge by differential scanning calorimetry (DSC).  Thermodynamic Functiondf the heat capacity change
Microcalorimetry is especially suitable to study the thermo- upon protein unfolding is not significantly temperature-
dynamic parameters of proteins whose melting temperaturesdependent, the thermodynamic functions for the unfolding
are above 10CC. In this work, we demonstrate that a transition of a protein can be calculated from



Thermostability of EF-Ts Biochemistry, Vol. 40, No. 32, 20008581
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= .
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where AH(Tys) is the molar transition enthalpy ats, AC, é B
is the molar heat capacity change of unfoldifigjs the w
temperature (K), andys is the transition temperature.
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2 Ficure 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
RESULTS EF-Ts in the presence of 50 mM dithiothreitol (B) at pH 7.0 (dashed
o . line), and EF-Ts(C190A) (B) at pH 7.0, 8.0, 9.1, 10.0, 11.0, and

Influence of the Intermolecular Disulfide Bridge on the 11.8 (the extreme pH values are indicated). EF-Ts(wt) (A) and EF-
Melting Temperature of EF-TJ.0 investigate the effect of  Ts(C190A) (B) at pH 7.0 and EF-Ts in the presence of 50 mM

the intermolecular disulfide bridge in EF-Ts, the thermal g:lﬂ(‘:ig;g;eiiﬂe(Bzo?tléienhggmggtt?gﬁ% E,CESK "”e?nf%crﬁmpsfgjjsiﬁpﬁ In
denaturation of EF_T.S \.Nlld type (wt) in the absence or phosphaie anF()j 10 mM glycine buffers.%ﬁ]/i scan rate of heating
presence of 50 mM dithiothreitol and of EF-Ts(C190A) at \yas 1 K/min. Vertical lines designate a heat capacity of 1.0 mJ/K.
low ionic strength and pH 7.0 was measured by DSC (Figure
2, boldface curves). Removal of the intersubunit disulfide equilibrium thermodynamics to the transition does not lead
bridge either by reduction with 50 mM dithiothreitd)(or to major errors §3). Indeed, the ratio of van't Hoff and
by site-directed mutagenesis (C190A, Figure 2B) shifted the calorimetric enthalpies is about 2, which is in accordance
thermal transition temperature of EF-Ts from 102.2 to 93 or with the crystallographically observed dime2) (and gel
91 °C, respectively, with no effect on the calorimetric permeation chromatography experimers (Thus, an ir-
enthalpy 400 kJ/mol). The virtually identical values of reversible process connected with a significant enthalpy
calorimetric enthalpies and transition temperatures of reducedchange does not take place, allowing the thermodynamic
EF-Ts(wt) and EF-Ts(C190A) indicate that the conformations analysis of EF-Ts unfolding.
of both proteins are very similar. The ratios of the van't Hoff ~ Effect of pH on the Stability of EF-TEF-Ts is strongly
and the calorimetric enthalpy are about 2 in the presencecharged, containing 68 negative, 66 positive charges, and 8
and absence of the disulfide bond, suggesting that thehistidines per dimer and at least 34 ionic bonds per dimer at
cooperative unit during the thermal transition is a dimer. This pH 7 (3). To estimate the contribution of electrostatic
confirms previous results obtained by gel permeation chro- interactions between polypeptide chains to the stability of
matography at room temperatur& 82) that demonstrated the homodimer, DSC measurements were performed in the
that the intersubunit disulfide bond is not crucial for EF-Ts range from pH 4.0 to pH 12.0. Corrected DSC traces of EF-
dimerization. Ts(wt) and EF-Ts(C190A) in the range of pH #02.0 are
The heat-denatured samples were clear, and denaturatioshown in Figure 2A and 2B, respectively. Despite irreversible
was apparently not accompanied by further heat-absorbingthermal transitions, the DSC scans are symmetrical and
or heat-releasing processes, indicating that the unfoldedwithout apparent distortions. The calculated isoelectric point
polypeptide chains did not aggregate. After cooling of the of EF-Ts(wt) is 6.0. A shift of the pH below 7 will decrease
heated samples, the area under the heat absorption peak dhe net charge of the protein surface and thus increase the
the second scan was reduced to 10% of that of the first scanlikehood of nonspecific ionic interactions. Such nonspecific
(data not shown). This indicates a practically irreversible protein—protein interactions leading to aggregation are
thermal denaturation of EF-Ts(wt) and its variant at low ionic reflected byAH,/AH:o > 2 below pH 7 (data not shown).
strength and at pH 7.0. The nature of this irreversible processAs demonstrated bAH,4/AH¢, values close to 2 (Figure
is unknown. However, if the irreversible step during thermal 3C) above pH 7, EF-Ts(wt) and also EF-Ts(C190A) remain
transition were connected to a significant change in enthalpy,in dimeric form under these conditions. Further thermody-
an asymmetric DSC trace and/or a strong dependence of thenamic analysis was therefore confined only to data obtained
transition temperature on scan rate and protein concentratiorat pH >7.
would be expected3@, 34). However, the transition tem- Both transition temperaturdys (Figure 3A), and calori-
perature of the thermal denaturation of both proteins dependsmetric enthalpyAH.a (Figure 3B), decrease with increasing
neither on protein concentration (300 xM) nor on scan pH. These pH-dependent profiles are in accordance with the
rate (0.5-2.0 K/min) (data not shown), which indicates that isoelectric point of the protein, as an increasing pH causes
an irreversible step occurs only above the transition tem- a prevalence of negatively charged groups, that perturb the
perature. It has been shown that in such a special case, despiteet of ionic interactions and lead to destabilization of the
irreversibility of thermal denaturation, the application of protein.

T T
’( T_ - l)ACp + -I—_ZAH"S)OATm
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hydrochloride revealed that EF-Ts retained part of its

1003;@ ° o o A secondary structure even at harsh conditions beyond the
Q W0IT K x4 @ boiling point of water (Figure 4A). Cooling of the heated
= 807 * © sample leads to a nearly complete recovery of the secondary
703 * structure, whereas the restored tertiary structure differs from
o N ST that of the native state. This is based on the DSC measure-
= 400?86’ & £o o B ments.tha_t showed that after the. first heating and coqling,
£ 0l * reheating induces a noncooperative thermal denaturation of
= 200 ° the sample. The preserved secondary structure and perturbed
T E ° tertiary structure most likely can be described by a molten
/04 R globule-like state of the recooled EF-Ts after thermal
3] c transition.
£ 257 3 o Further evidence for the persistent secondary structure was
g 3. ° © obtained from thermal transition experiments of EF-Ts-
T 4% * s x 3 Bo (C190A) monitored by CD at 222 nm in the presence of
1151 guanidine hydrochloride. Figure 4B demonstrates that re-

AR RN AR sidual secondary structure, reflected by the negative ellipticity
at 95°C in the absence of denaturants (trace 1), already
oH unfolds in the presence of relatively small concentrations of

T o Eones o baes 1 oo drtgguanicine hydrochiorde (race 2). This resicul eliptiiy
bond (A). Calorimetric enthalpies (B) and the ratibl,/AHa (C). is identical with that of EF-TS(C190A) in the presence of 6

EF-Ts(wt) (circles), EF-Ts(C190A) (stars), and EF-Ts(wt) in the M guanidine hydrochloride at 9% (trace 3). The persistent
presence of 50 mM dithiothreitol (triangles) at pH 7.0 are compared. secondary structure cannot be destroyed by high ionic
Protein concentrations were 15:81.1uM. 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

[©] x 107 [deg x cm?/dmol]

T T T T conditions under which a correctly folded protein is formed.

200 220 240 2 40 60 80 100

Wavelength (nm) Temperature (°C) Incorrect interactions during refolding can be avoided by the

. 4 CD tra of EE-Ts in th dab " optimal concentration of denaturants such as urea, or
IGURE 4 spectra o -1s In the presence and absence or an i i ;
intermonomer disulfide bond. (A) EF-Ts(wt) (open circles), EF- chaotropic salts such as guanidine hydrochloride or NaCIO

Ts(C190A) (closed circles) at 2IC; EF-Ts(wt) (open triangles), With _I_EF—Ts(ClQOA), a full reversibility of the thermal
EF-Ts(C190A) (closed triangles) at 106; after recooling of EF-  transition was observed in the presence of 2.5 M NaClO
Ts(wt) from 105 to 20°C (stars) in 10 mM phosphate buffer, pH  (data not shown). According to the Hofmeister anion series,

7'h0’ anhd tTS(E)Nt%fin 6-OHM7ggan{di1n§£ydéPCh|0fgie, 1T0hmM S?dium the chaotropic perchlorate anion “salts-in” the peptide group,
gor?(s:gnﬁaﬁionuwié g.ﬁM..(B?Tempergtﬁgczinensa)tiuratﬁ)npg; (I?EIIQ and Consequen_tly intera(_:ts more ;trongly with the unfolded
Ts(C190A) without (1) and in the presence of 0.70 M (2) and 6.0 form of a protein than with its native forn8%).
M (3) guanidine hydrochloride observed at 222 nm in 10 mM  Thermodynamic parameters determined from the analysis
phosphate buffer, pH 7.0. Protein concentration wasu®45The of DSC thermograms of EF-Ts(wt) and its variant C190A
ellipticity is reported as the mean residue ellipticity. at different concentrations of NaCJQ@re shown in Figure
5. The transition temperatures of both EF-Ts(wt) and EF-

Structure of the Thermally Unfolded EF-TEhe thermo- 14(c190A) decrease linearly with increasing salt concentra-
dynamic parameters of the thermal unfolding of EF-Ts(wj[) tions (Figure 5A). The replacement of cysteine 190 for
and EF-Ts(C190A) can be compared only under the premiseg|anine increases the sensitivity of the calorimetric enthalpy
that the native and thermal unfolded states of both proteinsig NaCIQ, as reflected by its steeper linear decrease in the
are very similar. Therefore, the CD spectra of EF-Ts(wt) and ¢ase of EF-Ts(C190A) in comparison to that of EF-Ts(wt)
EF-Ts(C190A) in native (20C) and denatured (10%C) (Figure 5B). The observed difference in sensitivity of EF-
states were compared (Figure 4A). The shape and meanTs(wt) and its variant C190A toward the denaturing effect
molar ellipticities of the CD spectra at 2C of both proteins  of NaCIlQ, seems to indicates that the intermolecular disulfide
are almost identical. This indicates that EF-Ts(C190A) retains bond decreases the penetration of the salt into the dimer
the same secondary structure as EF-Ts(wt) under thesénterface. TheAH,./AH.y values (Figure 5C) suggest that
conditions. Similar results were obtained with both proteins the cooperative unit of EF-Ts(C190A) is a dimer even at
over a pH range from 4.0 to 12.0; i.e., the secondary high concentrations of NaClO
structures of the both proteins remain unperturbed within  In Figure 5D the reversibilities of the thermal denaturation
this pH range. The comparison of CD spectra of EF-Ts at of EF-Ts(wt), EF-Ts(C190A), and EF-Ts(wt) in the presence
105°C in the presence and in the absence of 6.0 M guanidineof 50 mM dithiothreitol at different NaCl@concentrations
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;z 238 ¥ g ¥3 © Ficure 7: Enthalpies of thermal transition of EF-Ts(wt) (empty
< 457 symbols) and EF-Ts(C190A) (solid symbols) measured at various
E Lt pHs and NaClQ@ concentrations, respectively, and EF-Ts(wt) in
& 1007 ¥ D the presence of 50 mM dithiothreitol (triangles) at different NaCIO
2z 807 v * concentrations plotted against transition temperatures. Cross and
5 %07 ¢, * ok star symbols depictAH,/2 values, i.e.,AH,4 per monomer,
2407 obtained from CD measurements of EF-Ts(wt) and EF-Ts(C190A)
2 Y@ o o o o variant, respectively, at pH 7.0 in 10 mM sodium phosphate buffer.
0’0 1 2 3 a4 s From the slopes of the linear regressioA§, = 2.59+ 0.24 kJ/
(mol-K) per monomer (correlation coefficieR = 0.923) for EF-
[NaCIO,] (M) Ts(wt) andAC, = 5.55 % 0.34 kJ/(molK) per monomer R =

Ficure 5: Effect of NaClQ concentration on the calorimetric  0-965) for EF-Ts(C190A) or reduced EF-Ts(wt) were calculated.
enthalpy,AHc, (A), the temperature of the thermal transitidns

(B), the ratioAH,+/AHc (C), and the reversibility of the thermal  underlines the notion that the dimer is the cooperative unit
transitions (D) of EF-Ts(wt) (circles), EF-Ts(C190A) (stars), and of the thermal transition.

EF-Ts(wt) in the presence of 50 mM dithiothreitol (triangles) in . . .

10 mM phosphate buffer, pH 7.0. Protein concentrations were-15.5 _ Estimation ofAC, and AG of the Thermal Unfolding of
31.1uM. EF-Ts. Enthalpy transitionsAH.,, and dependencies on

transition temperatureS;, obtained at different pHs and
NaClO, concentrations, for both wt and C190A variant are
shown in Figure 7. Heat capacity changesC, upon
unfolding for both proteins were calculated from the slopes
of the linear regressions. TheC, values were 2.5% 0.24
kJ/(motK) per monomer EF-Ts(wt) and 5.5 0.34 kJ/
(mol-K) per monomer for EF-Ts(C190A) and reduced EF-
Ts(wt), respectively. As expected\C, for the dimer
containing the disulfide bridge is smaller tha, 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.
FiGurRe 6: Temperature dependence of the excess heat molar h | f this | S d h h
capacity of EF-Ts(wt) at different protein concentrations: 9.8  |he results of this investigation demonstrate that the

(—+ =), 20.0 (), 29.8 £ —), and 57.3¢) uM in the presence  thermal unfolding of EF-Ts(wt) and the EF-Ts(C190A)
of 50 mM dithiothreitol in 10 mM sodium phosphate buffer, pH proceeds as a cooperative two-state transition in the range
7.0, and 2.5 M NaCl@ from 20 to 105°C. Both the native and the unfolded states
of the proteins are dimers. The obtained valueAG§, Tis,
and AHc, 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,
iS AAG(s-s s nsy= 10.5 kd/mol per monomer (Figure 8A).

he relatively lowAC, of EF-Ts(wt) flattens the dependence

IS
o

Excess C, (kJ/(mol.K))

IR A T B B B B I B

50 60 70 80
Temperature (°C)

are compared. In the absence of the disulfide bridge, the
reversibility is significantly higher with an optimum at 2.5
M NaClQO,. 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 a:

position 78 which could interfere with refolding. Apparently, of the free energy on temperature. Therefore, the maximum

3yer|1f_3t Eighd tfempetr_aturbes thifsd relsidue iil hindtereotl from stability of EF-Ts(wt) is at lower temperatures as compared
Isullide bond formation by residual secondary stucture. ., e T5c190A). EF-Ts(wt) with the disulfide bridge is

In .Figur.e 6 the calorimetric trace§, expressed in molar more stable than the variant C190A at all temperatures
calorimetric enthalpy, of EF-Ts(wt) in the presence of 50 (Figure 8A)

mM dithiothreitol at 2.5 M NaClQare shown. Enthalpy and

transition temperature do not depend on protein concentrationpscussiON

in the range from 0.22 to 1.29 mg/mL (260 M) under

these conditions. Accordingly, transition temperatures and Effect of the Intermonomer Disulfide Bond on the/&ts-
van't Hoff enthalpies are 101.5C and 818.6 kJ/mol per ibility of the Thermal TransitionProteins from thermophiles
dimer for EF-Ts(wt) and 91.1C and 683.8 kJ/mol per dimer  are usually extremely stable and have high transition tem-
for EF-Ts(C190A), respectively. Thus, the values obtained peratures, frequently above the boiling point of water. Often,
by CD at a protein concentration of 0.056 mg/mL correspond their thermodynamic characterization is impeded by irrevers-
to the values determined calorimetrically. This further ible side reactions during the thermal analysis, e.g., irrevers-
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R L buried surface area to solvent upon unfolding is reflected
by two thermodynamic parameters, the partial molar heat
capacityAC, and the denaturamt value, 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:

[
o
|

AG (kJ/mol)
o 8

o
<3

v b by e by faai b

AMH,,, TAAS,,, AAG (kJ/mol)
- N
o (=)
(=] o o
‘
_‘
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o

AAH N, =1,=2U (U,)

where N is the native dimer,,lis the partially unfolded
by dimeric intermediate, U is the completely unfolded monomer
(for noncovalently connected dimers), and i the com-

-100] B I pletely unfolded dimer (for covalently linked dimers). The
30 0 30 60 90 120 AC, values for two-state ;N 2U processes are in the same
Temperature (°C) range @3, 39, 40) as those for monomeric proteinglj. A
three-state thermal unfolding was described for the dimeric

Ficure 8: (A) Stability profiles of EF-Ts(wt) (upper curve) and . .
EF-Ts(C190A) (lower curve) at pH 7.0 calculated frag, AHca, E. coli Trprepressor40). Despite an apparently complete

andAC, 102.2°C, 402.2 kJ/mol, and 2.59 kJ mdIK~* and 91.7 exposure of the aromatic side chains, the thermal transition
°C, 398.8 kJ/mol, and 5.55 kJ méIK %, respectively, as a function N, == |, of this protein was characterized by a smalC,.
of temperature calculated according to eq 4. Ranges of experi- Thjs observation is similar to the very latC, obtained for

mental error ardys £ 0.3 K, AHca £ 10%, andAC, & 10%. The e _
error limits for AGyn at pH 7.0, calculated according to eq 5, are the thermal transition of (EF-T5)In fact, theAC, values

indicated by dashed and dotted lines for EF-Ts(wt) and EF-Ts- OPtained for EF-Ts(wt) and EF-Ts(C190A), of 2.580.24)
(C190A), respectively. The optimal growth temperatureTof ~ kJ/(motK) and 5.55 §0.34) kJ/(moilK) per monomer,
thermophiluds indicated by the arrow. (B) Temperature dependence respectively, are significantly lower than the values calculated

o\:/;[he caLc#Iatég gll_iffecr:iggis of tfg;ition epthalp'ﬁrf]ﬂfrs(EF-TS- from the difference in accessible surface arAA$A) of
- «(EF-Ts = s, €ntropy changes upon L - -
Emf)czlding, AtSES(EF-Tg(wt))—)AS,S(EF-[Ts(Clgo%)z . A%rs, arg " the protein in its native and denatured stat@8).(In this
free energiesAG(EF-Ts(wt)) — AG(EF-Ts(C190A))= AAG, of calculation, the linear dependence/ASA on the number
EF-Ts(wt) and EF-Ts(C190A). Values of 375.35 K, 402.2 kJ/mol, of residues les = 196), AASA ~ —907 + 93N, iS used
2.59 kJ/(moiK) and 364.85 K, 398.8 kJ/mol, 5.55 kJ/(rei) for to determineAC,. AC, should be the same for the oxidized
e o Tl a0 TeCo0 et yand educed o of EF-TAC, ~ 251+ 0 19VASA =
(pH 7.0) w)(/are used. The ranges of the experimenR[aI e?roﬂ'@re 12.73 kJ/(quK) per monomer. Vice versa, from Obta”_]ed
+ 0.3 K, AHea £ 10%, andAC, + 10%, respectively. AC, values, it is possible to calculate the number of residues
taking part in thermal unfolding. Here, we obtain 59 and 99
ible chemical modification or aggregatiodg). The thermal residues for EF-Ts(wt) and EF-Ts(C190A), respectively.
transition of EF-Ts fromT. thermophiluss irreversible at ~ These numbers are in conflict with the total number of amino
low ionic strength. Nevertheless, it can be analyzed by acid residues in EF-Ts and indicate different exposure of
equilibrium thermodynamics because: (i) precipitation or the buried surface area of EF-Ts(wt) and EF-Ts(C190A) upon
aggregation did not occur during DSC measurements; (ii) thermal denaturation. The persistent secondary structure of
as demonstrated by CD spectroscopy, cooling of the heatedEF-Ts(wt) and EF-Ts(C190A) even above transition tem-
sample resulted in nearly complete recovery of the secondaryperatures (Figure 4) as well as the independence of their
structure of both oxidized and reduced forms of EF-Ts over thermal transitions on protein concentration (Figure 6)

a broad pH range; and (iii) the ratidH,y/AHcy of 2 is in strongly suggests the existence of dimeric intermediates
agreement with the crystal structure of EF-Ts(\2)3). This under these conditions. Thus, EF-Ts remains in the inter-
points to a dimeric cooperative unit during the thermal mediate dimeric state, and the measured thermal transitions
denaturation, and aggregation of EF-Ts would resukty./ of EF-Ts can be described by the scheme:
AHca| > 2.

Recently, it was observed that the presence of a chaotropic N, =1,

agent significantly increases the reversibility of the thermal
transition of the homodimeric spherulin 3a frdPmysarum However, even if the 2156 Aof AASA of the buried
polycephalum(37). In a similar manner, NaClQimproves interface in the EF-Ts dimer3) is not considered, the
the reversibility of the thermal transition of EF-Ts provided calculatedAG,; is still significantly higher than the experi-
that the intersubunit disulfide bridge is absent. The complete mentally determined value (data not shown). Therefore,
recovery of EF-Ts(wt) tertiary structure in the presence of additional factors must influence th€C, value.
2.5 M NaClQ and 50 mM dithiothreitol indicates that First, the contribution of the N-terminal domain of EF-Ts
irreversible chemical modification of cysteine residues does to AC, is probably minimal. This domain is disordered in
not take place during thermal denaturation. Thus, the the crystal structure of EF-TS), and its removal does not
intermonomer disulfide bridge probably decreases the flex- affect the stability of the proteim@). The reported\C;, value
ibility of the hydrophobic dimer interface and prevents the of a 50-residue-long helical peptide, which is close td8)(
correct folding of EF-Ts(wt) (Figure 5D). suggests that the contribution of a simitehelical N-domain
Comparison of the Dimer Interface in the Absence and of EF-Ts toAC, is also minimal. Thus, a major contribution
Presence of the Disulfide Bon@he extent of exposure of to AC, of EF-Ts originates from the structure of the
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C-domain. Second, the persistent secondary structure of botl8B). The value of this parameter became negative above 79
the oxidized and reduced forms of EF-Ts observed at 105 °C, i.e., when the effect of the cross-link on the denatured
°C probably contains antiparallgf-strands (Figure 1).  state is overcompensated, the hydrophobic effect in the dimer
Nevertheless, a minimum at 222 nm in the CD spectra interface (8). Therefore, the difference AASEF-Ts(wt))
(Figure 4) indicates a small contributionafhelix (44). Such — AS[EF-Ts(C190A)) is negative at temperatures above 75
a stable core of EF-Ts(wt) is in agreement with the presence°C, where the effect of the disulfide bridge on the confor-
of both intermolecular and intramolecular interactions that mational entropy of the polypeptide chain of EF-Ts(wt) is
stabilize the entire dimeric region (Figure 1). outweighed by an increased entropy of the more flexible
If both the amino acid residues of the N-domain and the denatured state of EF-Ts(C190A).
residues buried in the dimer interface are neglected, the Strategies Implied in Stabilization of the Dimer Interface.
calculatedAC, is 7.31 kJ/(molK) per monomer. However, In addition to hydrophobic interactions, there are several
this value is still higher than the experimentally determined electrostatic interactions of amino acid side chains, located
values ofAC, of the oxidized and reduced forms of EF-Ts. at the edge of the interface (Figure 1). Either these are
The smallAC, therefore may reflect the differences in the intramolecular, as in Arg191/Glu193, or they create a net of
dynamics of the persistent secondary structures in oxidizedintra- and intermolecular interactions, as may be seen
and reduced forms of EF-Ts above transition temperatures.between the Glu75 and Arg188 of one subunit and the
The localization of the disulfide bond close to the carboxyl carboxy terminus of Alal96 of the second subunit. Impor-
ends of both polypeptides probably rigidifies not only the tantly, these interactions are doubled due to the 2-fold
dimeric interface but, also through long-distance interactions, symmetry of the dimer.
also the conformation of the entire (EF-Ts\Moreover, it The results of several recent investigations indicate that
can be assumed that the unfolded N-domain, which is electrostatic interactions contribute significantly to the stabil-
connected to the edge of tifesheet of the dimer interface ity of thermophilic and hyperthermophilic proteindy( 46).
by a polypeptide hinge, destabilizes this region at high In hyperthermophilic proteins, the electrostatic interactions
temperatures4@). This may contribute significantly to the are enhanced by optimal placement of the charged amino
increasedAC, of EF-Ts(C190A) relative to that of EF-Ts-  acid residues within the structure of the protein. Further
(wt). contributions to protein stability were ascribed to interactions
Temperature Dependence of Thermodynamic Parametersthat reduce the entropy of the unfolded staté) (Our work
Dependencies ofAHys, AS, and AG (Figure 8A) on demonstrates that both of these principles, optimal localiza-
temperature can be calculated by utiliziA@, values and tion of ionic interactions on the symmetrical dimer interface
the thermodynamic parameters of thermal transitions of and the covalent link between domains, contribute to the
oxidized and reduced EF-Ts forms. Comparison of these stabilization of EF-Ts.
parameters allowed us to assess the effect of temperature Recently, it was demonstrated that electrostatic interactions
and the role of the disulfide bond on the stability of (EF- between amino acid residues of N- and C-termini are crucial
Ts).. From this thermodynamic analysis, it follows that: (i) for thermostability of the monomeric cold shock protein from
the intermonomer disulfide bond stabilizes the EF-Ts dimer Bacillus caldolyticug48). In EF-Ts, such interactions involve
over a wide temperature range; (ii) the differencAGH(EF- two polypeptide chains. The 2-fold symmetry of the EF-Ts
Ts(wt)) — AG(EF-Ts(C190A)) has a minimum at the optimal dimer suggests a strategy in the evolution of thermophiles,
growth temperature of. thermophilug70—75 °C) (Figure where one point mutation exercises its stabilization effect
8B); (iii) the gain in stability due to the disulfide bond is twice. It is interesting to note that high concentrations of
caused by an enthalpic factor at temperatures belo’®C77  neither urea (9 M), as a nonionic denaturant, nor NaCl (2
and by an entropic factor at higher temperatures (Figure 8B). M), as a purely ionic agent, were capable of perturbing the
Thus, the nature of stabilization of (EF-Fshy the secondary structure and the stability of EF-Ts(C190A) (data
disulfide bond is complex. In accordance with Doig and not shown). In contrast, the presence of ionic chaotropic
Williams (1991) (8), we propose that a diminished exposure agents such as perchlorate or guanidine hydrochloride affects
of hydrophobic residues due to the intermonomer disulfide the stability and structure of EF-Ts even at low concentra-
bond results in a decreased ordering of solvents (hydrophobictions (Figure 4). Thus, a synergistic effect of a number of
effect), as manifested by a smallC, and positiveAASs hydrophobic and electrostatic interactions in the dimer
below 77°C. In terms of enthalpy, the disulfide cross-link interface of (EF-Ts) may explain the observed extreme
destabilizes the unfolded state, since the hydrogen bondstability.
network is energetically less favorable in an unfolded state, Biological Implications of Extreme Stability of Dimeric
which is constrained by the cross-link compared to an EF-Ts.The structure of the EF-Ts dimer from the extreme
unconstrained random coil®). However, in the case of EF-  thermophileT. thermophilugs similar to that of the EF-Ts
Ts(wt) and EF-Ts(C190A), the thermally denatured states monomer from the mesophil&. coli (1, 2). A dimeric
are far from unconstrained random coils. Thus, a positive structure was also observed in EB-ftom the thermoaci-
AAHys at lower temperatures is probably induced by the dophilic archaeonSulfolobus solfataricug49). Here, we
rigidity of the dimer interface cross-linked by the disulfide demonstrate that dimer formation can efficiently contribute
bond which strengthens intermonomer interactions in the to the overall thermal stability of the protein and that the
interface. The hydrophobic effect increases with temperaturesymmetric arrangement of the dimer interfaces may be an
(412), as reflected by the decreasing ellipticity at 222 nm of important principle in the evolution of proteins in thermo-
EF-Ts (Figure 4B, curve 3). The decreased difference in philes. Thus, the compact interface of dimeric EF-Ts from
flexibility of the oxidized and reduced forms of EF-Ts at T. thermophilusnay reflect the evolution toward achieving
high temperature is reflected by a decreaséAH; (Figure 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().

However, this may not be a disadvantage for proteins with

a solely mechanical nature of action, e.g., cytochrorgtt),

or ferredoxin b2), or EF-Ts. EF-Ts forms a complex with
EF-TuGDP and induces a conformational change in EF-Tu
leading to dissociation of the nucleotidg, ). Since the
flexibility of nucleotide-free EF-Tu is considerably higher
than that of nucleotide-bound forms, EF-GDP and EF-
Tu-GTP, it is reasonable to expect that in a stable (ER+Ts)
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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