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ABSTRACT: Elongation factor & from the hyperthermophilic archae&ulfolobus solfataricuéSE£F-1a)

carries the aminoacyl tRNA to the ribosome; it binds GDP or GTP, and it is also endowed with an intrinsic
GTPase activity that is triggered in vitro by NaCl at molar concentrations [Masullo, M., De Vendittis, E.,
and Bocchini, V. (1994). Biol. Chem. 26920376-20379]. The structural properties S8#£F-1a were
investigated by Fourier transform infrared spectroscopy. The estimation of the secondary structure of the
S£F-10-GDP complex, made by curve fitting of the amidébaind or by factor analysis of the amide |
band, indicated a content of 386% a-helix, 35-40%-sheet, 1419% turn, and 7% unordered structure.

The substitution of the GDP bound with the slowly hydrolyzable GTP analogue Gpp(NH)p induced a
slight increase in ther-helix andf-sheet content. On the other hand, tidaelix content of theSE£F-
1la-GDP complex increased upon addition of salts, and the highest effect was produbed iNaCl.

The thermal stability of th&£F-1a-GDP complex was significantly reduced when the GDP was replaced
with Gpp(NH)p or in the presence of NaBr or NEl, whereas a lower destabilizing effect was provoked

by NaCl and KCI. Therefore, the extent of the destabilizing effect of salts depended on the nature of both
the cation and the anion. The data suggested that the sodium ion was responsible for the induction of the
GTPase activity, whereas the anion modulated the enzymatic activity through destabilization of particular
regions of SEF-1a. Finally, the infrared data suggested that, in particular region(s) of the polypeptide
chain, theS€F-10-Gpp(NH)p complex possesses structural conformations which are different from those
present in theS€F-10-GDP complex.

During the elongation cycle in the process of protein (1—3). Following the interaction ofS€£F-lo. with the
synthesis in the hyperthermophilic archae8nlfolobus ribosome, the intrinsic GTPase of the elongation factor is
solfataricus elongation factor & (S€F-10)* bound to GTP unmasked and the hydrolysis of the bound GTP generates
catalyzes the binding of aminoacyl-tRNA to the ribosome an inactiveS€EF-10-GDP complex that delivers the aa-tRNA
to the A site and leaves the ribosons==F-1a is constituted
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tions in the presence of M§ or Mn?" at millimolar
concentrations10). Because only preliminary information
is available for the 3D structure @€£F-1a (unpublished

results), we have studied the secondary structure and the

thermal stability of S€F-1a in the GDP- or Gpp(NH)p-
bound form by Fourier transform infrared spectroscopy. In
addition, to gain insight into the mechanism of the stimu-
latory effect exerted by NaCl, we have investigated the effect
of this salt on the structural properties of tB&F-1a-GDP
complex. The comparison of the effect produced by other
salts on the structural properties of ttf&EF-10-GDP
complex allowed identification of the different effect exterted
by the anion and the cation.

MATERIALS AND METHODS

Materials Deuterium oxide (99.9%6H,0), 2HCI, and
NaC’H were purchased from Aldrich. GDP, Gpp(NH)p, and
Tris were obtained from Sigma. All the other chemicals were
of the purest qualityS. solfataricusF-1o. was isolated from
anEscherichia colstrain as previously reported). SEF-
1a-GDP andS<€F-1o-Gpp(NH)p complexes were prepared
starting from theS<€F-1o. nucleotide free as previously
reported 12). The purity of all protein samples was assessed
by SDS-PAGE, and their specific activity was tested at 60
°C by either H]GDP binding () or GTPask* (10).

Preparation of Samples for Infrared Measuremeiftso-
tein (1—1.5 mg) dissolved in 30@L of 20 mM Tris-HCI
buffer (pH 7.8), 2 mM Mgd] (buffer A), 1 mM GDP, or 1
mM Gpp(NH)p was concentrated in a Centricon 10 micro-
concentrator (Amicon) at 30@0and 4°C. Buffer A (300
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Ficure 1: Absorbance FT-IR spectra of th8£F-lo-GDP
complex. Solid and dashed lines represent spectra &C2ff the

SEF-10-GDP complex in?H,O and HO, respectively. Spectra
were normalized to the same amide | band height.

95 °C, and then other two spectra were collected at 98 and
99°C. Before spectrum acquisition, samples were maintained
at the desired temperaturerfa 6 min time interval that is
necessary for the stabilization of temperature inside the cell.
Spectra were processed using the SPECTRUM software from
Perkin-Elmer. Correct subtraction of the®labsorption from
the sample spectrum yielded an approximately flat baseline
in the 19006-1400 cnt interval (14). Subtraction of théH,O
absorption was corrected to the removal of#HgO bending
absorption close to 1220 crh (14). The deconvoluted
parameters for the amide | band were set jovalue of 2.5
and a smoothing length of 60. Second-derivative spectra were
calculated over a nine-data point range (9 émn

The estimation of the secondary structure composition was
obtained by curve fitting of the deconvoluted amitiedand

uL) containing the appropriate guanine nucleotide, preparedas reported previouslyip) and using the software GRAMS

in H20 or 2H,0 (pH or PH 7.8, respectively), was added
and the sample concentrated again. THd palue equals
the pH meter reading- 0.4 (13). The concentration and

32 (Galactic Industries Corp.).
The estimation of the secondary structure composition was
also obtained by factor analysis of the infrared spectrum of

dilution procedure was repeated several times to completelythe S€F-1a-GDP complex in HO (16).

replace the original buffer with buffer A containing GDP or
Gpp(NH)p. For the experiments in the presence of different
salts, theSEF-1a-GDP complex was treated as reported
above with buffer A containing 1 mM GDP athp 7.8
containing one of the following salts: 2.5 6 M NacCl, 2.5

M KCI, 2.5 M NH4CI, or 2.5 M NaBr. For each sample, the
whole procedure took 24 h, which was the time of contact
of the protein with théH,O medium prior to FT-IR analysis.

RESULTS

Secondary Structure Analysis of Nucleotide-Bound SsEF-
lo. The IR absorbance spectra®fEF-1a-GDP in H,O or
2H,Q in the region of 17561500 cnt* are reported in Figure
1. In H,O, the spectrum is characterized by the amide | band
with a maximum at 1647.8 cm and by the amide Il band
with a maximum located at 1549.6 cfnIn 2H,0, the amide

In the last concentration step, the sample was brought to aj pand (amide’) is shifted to 1641 cmt and the amide II

final volume of approximately 4@L, a volume useful for
infrared measurements.

Infrared SpectraThe concentrated sample was placed in

band intensity decreased significantly, as a consequence of
its shift to ~1450 cn1? (not shown). The other absorption
bands are due to amino acid side chains, and in particular,

a thermostated Graseby Specac 20500 cell (Graseby-Specaihe 1516.6 and 1579.1 crhbands were due to tyrosine and

Ltd., Orpington, Kent, U.K.) fitted with CaFwindows and
6 or 25 um spacers for measurements in(Hor ?H,0,

ionized aspartic acid, respectively7). These phenomena
observed with proteins iAH,O were due to the hydrogen

respectively. FT-IR spectra were recorded by a Perkin-Elmer exchange of the NH amide with deuteriudtd2H) (18).

1760-x Fourier transform infrared spectrometer using a

deuterated triglycine sulfate detector and a normal Beer-

Norton apodization function. At least 24 h in advance, and

The deconvoluted spectrum &EF-1a in H,O displayed
bands at 1698.3, 1690.5, 1674.9, 1655.2, 1647.8, 1634.2, and
1621 cn! (not shown).

during data acquisition, the spectrometer was continuously The amide I band components were identified in peaks

purged with dry air at a dew point 640 °C. Spectra were
acquired at 2 cmt resolution, and blanks run in the absence

and shoulders in the deconvoluted spectra ofSHeF-1a.
GDP complex (Figure 2A) and th&<£F-la-Gpp(NH)p

of protein were subtracted. Usually, 256 scans were averageccomplex (not shown) irfH,O. Figure 2B shows that the

for each spectrum obtained at 2G, while 16 scans were

second-derivative spectra of both complexes are very similar

averaged for spectra obtained at higher temperatures. In thisand the same amidétband components are located almost

last case, the temperature was increased 1y Steps up to

in the same positions. The presencendlfielix andfS-sheet
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Ficure 3: Deconvoluted (A) and second-derivative spectra (B) of
the SEF-1a-GDP complex in the absence or presence of NaCl at
different concentrations, at 2C. Dotted black, red, and blue curves
represent the spectra of tB&=F-1o.-GDP complex in the presence
of 0, 2.5, a 5 M NaCl, respectively. The spectrum of tB&EF-
la-Gpp(NH)p complex is shown in green. The symbe|$3, and

u/l stand fora-helix, 3-sheet, and unordered structures and/or loops,
respectively.

Ficure 2: Absorbance, deconvoluted, and second-derivative spectrathem were shifted toward shorter wavenumbers. This last

of nucleotide-boun@<£F-1a in 2H,0 at 20°C. (A) The absorbance
spectrum of theS€F-10-GDP complex (dashed line) was that

reported in Figure 1; the deconvoluted spectrum (solid line) is the

finding indicated that thesg-structure elements exchanged
more easily*H for 2H and therefore could be more exposed

result of a mathematical treatment for identification of the amide | t0 the solvent compared to those of tleEF-1o-GDP
band components and amino acid side chain absorpition. (B) complex (L8).

Second-derivative spectra of tBeEF-10-GDP complex (solid line)
and theS<EF-1o-Gpp(NH)p complex (dotted line) were super-
imposed. For other details, see Materials and Methods.

Salt-Induced Structural Changes in the SskEFGDP
Complex The deconvoluted spectra in Figure 3A showed
that NaCl induces changes in the secondary structure of the

structures in both complexes was revealed by the bands clos&S$€F-10-GDP complex as indicated by the different intensi-

to 1651 and 1633 cmi, respectively 19). The 1620.9 cmt
band could be due tf#-sheet particularly exposed to the
solvent 0) and/or to amino acid side chain absorpti@)(
Otherf-sheet bands were those at 169@3, (L4) and 1684
cm1, although the latter band may also be due to tu2ds. (
The presence of both the 1633 and 1684 thands suggests
that3-sheets are antiparall2@). The 1672 and 1662 cm
bands were assigned to turns, and the 1641.3 trand was
assigned to loops and/or unordered structui®sZ2). The

ties of the amide'lband components. These changes were
much more evident in the second-derivative spectra (Figure
3B) that amplify changes in the curve slop28) In
particular, NaCl increased the intensity of thénelix band
(1651-1652 cn') and decreased the intensity of the band
due to loops and/or unordered structures (1641.5%nn

the case of th&&€EF-1o-Gpp(NH)p complex, the addition

of 5 M NaCl did not provoke significant alterations in the
spectrum (Figure 3). Other minor changes involvedsttern

position of the latter band is found at a wavenumber shorter band, which was shifted to higher wavenumbers, and the
than the averaged position for an unordered structure bands-sheet band. With regard to tf&£EF-1a-GDP complex,

that is located at-1645 cnr? (19, 23). This finding has
already been reported for lysozyn8) and for the random
conformation of poly(-lysine) @24).

It should be mentioned also thathelices and coiled coils
have been reported to exhibitik,O a band at-1640 cnr?t

the effect produced by NaCl was similar to that obtained
with NaBr, NH,CI, and KCI (Figure 4). In particular, NaBr
and NH,CI provoked changes in the secondary structure of
the protein similar to those provoked by NaCl, whereas KClI
produced a minor effect.

(24—27). However, the comparison between the spectra To estimate the content in the secondary structure of the

reported in these references and thos&&f-1o allowed
the assignment of the 1641.3 chband to unordered

SEF-10-GDP complex and the structural changes provoked
by salts, a curve fitting of the deconvoluted amiddand

structures and/or loops. The other bands reported in Figurewas performed5). The results reported in Table 1 showed

2 were due to the absorption of amino acid side chélf (
In addition, the 1549.6 cn band represents a residual amide
Il absorption, thus indicating thdH,0 cannot reach all the
protein segments at 2 (18).

With regard to theSEF-1a-Gpp(NH)p complex, a sig-
nificantly higher content ofi-helix, compared to that of the
S€F-10-GDP complex, was found (Figure 2B). With regard

that in the absence of salts, thehelix andjs-sheet contents

of the S€F-10-GDP complex were similar (36 and 35%,
respectively), as obtained from the two main bands close to
1651 and 1631 cnt, respectively. However, if the contribu-
tion to theS-sheet content due to the 1684 and 1619tm
bands was also considered, the total contenf-sheets
increased slightly. This finding is in line with the estimation

to theS-structure content, almost no variation in the intensity of the secondary structure obtained by factor analysis of the
of the corresponding bands was observed, although some oinfrared spectrum of th&$£F-1a-GDP complex in HO
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Table 1: Calculated Positions and Fractional Areas (%) of the Ami@®inponent Bands foB€EF-1a at 20°C in the Absence or Presence of
Different Salts

Gpp(NH)p bound GDP bound
band position no salt 5 M NacCl no salt 2.5 M NacCl 5 M NacCl 2.5 M KCI 2.5 M NaBr 2.5 M NH,CI

(ecm™) (%) (%) (%) (%) (%) (%) (%) (%)
1691 (3) 1 2 1 1 2 1 1 1
1684 (i) 2 1 2 2 2 2 3 2
1673 (1) 8 7 6 6 7 3 7 7
1664 (t) 7 8 11 8 6 14 7 7
1651 @) 38 39 36 45 48 38 40 41
1641 (u/l) 6 7 7 4 3 5 4 4
1631 3) 37 35 35 32 29 35 36 36
1619 @/aa) 1 1 2 2 3 2 2 2

d2A/dV2 (a.w)
T
d2A/dV? (a.u.)
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FiIGUrRe 5: Temperature-dependent changes in the spectrum of the
Wavenumber (cm™) SEF-10-GDP complex. (A) Dotted black, blue, and red curves

Ficure 4: Second-derivative spectra of tB&EF-1a-GDP complex represent the second-derivative spectra of 8&F-lo-GDP

at 20°C in the absence or presence of NaBr,48H or KCI. Dotted complex at 20, 75, and 8%C, respectively. (B) Red, green, and

black, red, green, and blue curves represent the spectra 8fike black curves are those at 80, 90, and®@8 respectively. Symbols

1a:GDP complex without added salt and in the presence of 2.5 M a, $, t, and u/l are defined in the legends of Figures 3 and 4; ag

NaBr, NH,Cl, and KClI, respectively. The symbots 3, and u/l stands for absorption due to protein aggregation.

are defined in the legend of Figure 3; t stands for turns.

(Figure 1) which gaver-helix, 8-sheet, and turn contents of and f-sheet bandswvhereas aggregation, brought about by
34, 40, and 14%, respectively. In addition, Table 1 shows protein denaturation, is followed by the appearance and then
that in the presence of NaCl the contentoehelix of the the increase in intensity of two new bands close to 1620
SEF-1a0-GDP complex increased, while those of loops and/ and 1684 cm'! (29 and references therein). In the case of
or unordered structures angtsheets decreased. In the the S€£F-1a-GDP complex, an unexpected phenomenon
presence of NaBr or NI, no significant changes in the  occurred. The increase in temperature from 20 to°@0
f-sheets occurred, whereas an increase imthelix content caused a small decrease in the intensity of all amide |
was found, even though the extent was lower than that in component bands; such a decrease was similar for all bands,
the presence of NaCl. The effect of KCI on tBeEF-1a thus indicating that no denaturation occurred within this
secondary structure was negligible. Table 1 also shows thetemperature range (data not shown). Surprisingly, if the
secondary structure composition of tBd&F-1o-Gpp(NH)p temperature was increased to 80, the intensity of the
complex in the absence or presentd M NaCl. Thea-helix o-helix band increased (Figure 5A), remained almost un-
(1651 cm! band) and turn (1664 cm band) contents are  changed till 95°C, and then started to decrease at°@8
higher and lower, respectively, than in t&<£EF-1a-GDP (Figure 5B). At this last temperature, the intensity of the
complex, in accordance with the second-derivative spectrag-sheet band decreased markedly and two new bands close
shown in Figure 2B. On the contrary, Table 1 shows an to 1620 and 1684 cnt appeared, thus indicating that at 98
increase in th@-sheet content (1631 crhband) of theSE£F- °C the SEF-10-GDP complex started to undergo denatur-
la-Gpp(NH)p complex that was not revealed by second- ation and aggregation.
derivative spectra (Figure 2B). This apparent discrepancy Effect of the Bound Nucleotide or Salts on the Secondary
was due to the fact that the 1631 chrband is slightly Structure and Thermal Stability of SsEk=1The signal of
broader in theS€F-10-Gpp(NH)p complex than in thBEF- thea-helix band in the second-derivative spectra ofSder-
1la-GDP complex, and therefore, a slightly highsheet 1lo-GDP complex was monitored in the absence or in the
content in the former sample was determined. Also in this presence of different salts, as a function of temperature
case 5 M NacCl did not significantly affect the secondary (Figure 6). In the absence of salts, thidhelix signal of both
structure content of th8&$£F-1a-Gpp(NH)p complex, dif- SEF-10-GDP andSE£F-10-Gpp(NH)p complexes remained
ferent from what was observed in the case of §¥F-1a- unchanged up to 7€C; then, in the case of th8€£F-1a-
GDP complex. GDP complex, it increased to a maximum at-&® °C,
Thermal Stability of the SSEFe@GDP ComplexProtein whereas it decreased when B&F-1o-Gpp(NH)p complex
denaturation following exposure to heat can be revealed inwas considered instead. An increase in thaelix signal
an FT-IR spectrum by a decrease in the intensitg.-dfelix from 45 to ~65 °C was observed for th&£F-1o-GDP
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Ficure 7: Thermal denaturation o3€F-1a in the absence or
presence of different salts. The amideb&andwidth calculated at
3/, of the amide 1band height (W 3/4 H) is reported for tigsEF-
1o-Gpp(NH)p complex in the absenc®) or presence¥) of 5 M
NaCl, theSE£F-10-GDP complex in the absenc®) or presence
of 2.5 M NaCl @), 5 M NaCl (2), 2.5 M NaBr @), 2.5 M KCI
(O), or 2.5 M NH,CI (O).

complex in the presence of 2.5 M NaCl or 2.5 M KClI,

Biochemistry, Vol. 40, No. 44, 200113147

by that at 2.5 M NHCI, and the corresponding, values
were 91 and 94C, respectively. These data indicated that
the destabilizing effect observed at high temperatures on
S€£F-1la depended on the cation, the anion, and the nucle-
otide bound as well.

DISCUSSION

In a previous paper, we reported th&F-1o in the
presence of NaCl at high concentrations displayed an intrinsic
GTPase activity 10). This activity, which required the
presence of MgGl or MnCl, was not observed with
chlorides of other monovalent cations such as K, Rb",

Cs', and NH*. Other sodium salts (NaBr, NaNCand CH-
COONa) were less efficient or not efficient at all (Nal and
NaF). It was likely that the salts that were used produced on
SEF-1o. conformational changes responsible for the in-
creased nucleotide hydrolysis activity. Therefore, an inves-
tigation regarding the effect of different salts on the
secondary structure of th8<£F-1la-GDP complex was
undertaken, and the effect on the thermal stabilit&iF-

1o was also investigated. The experiments were carried out
in the presence of Mg and GDP; GTP could not be used
because it is easily hydrolyzed at high temperatures or in
the presence of sodium ions. To overcome this problem, in
the absence of salts the slowly hydrolyzable GTP analogue
Gpp(NH)p was used.

The FT-IR spectrum of thB€F-1a-GDP complex (Figure
1) and its deconvoluted (Figure 2A) and second-derivative
transformation (Figure 2B) revealed ti&EF-1o bound to
either GDP or Gpp(NH)p is aa/ protein. The content of
o-helices was somehow lower than that®bgheets (Table
1). The total content of the secondary structure ofSHeF-
1lo-GDP complex estimated by FT-IR measurements was
very close to that derived from preliminary data on the 3D
structure of the complex (unpublished results). The substitu-
tion of the GDP with Gpp(NH)p induced B€EF-1a a slight

whereas in the presence of other salts, a continuous decayncrease in the-helix and/-sheet contents. These results
was observed. In addition, Figure 6 shows that, with the are inline with those reported for eukaryotic E&-fbr which

exception of nucleotide-boun8€F-1a in the absence of

the great difference between the GDP- and GTP-bound

salts, thea-helix signal reached almost the same value at forms, found in eubacterial EF-Ti,(6), was not observed

~60—65°C and then it decreased in a similar way till protein
denaturation. At~85 °C, the signal reached a value close
to that of theS€F-10-GDP complex in the absence of salts.
Moreover, at 20°C, NaCl at different concentrations and
other salts provoked different increases indhkelix content,
which is consistent with the curve-fitting calculations
reported in Table 1. With regard to tffesheet signal (1631
cmY), it decreased with temperature in a similar way in all
cases.

The onset of denaturation of tl8&EF-10-GDP complex
in the absence of salts occurred~d7 °C (Figure 7), and it
was never complete. In the case of & F-1o-Gpp(NH)p
complex, a significantly reduced thermostability was ob-
served, even in the presencesoM NacCl; in fact, aTy, of
~97 °C was found. It has to be noted that NaCl at 2.5 or 5
M affected the thermostability of treEF-10.-GDP complex
to an extent similar to that exerted by Gpp(NH)p, the
values being close to 98 or 9T, respectively. KCl at 2.5
M impaired the stability of the&S€EF-10-GDP complex to
an extent similar to that with 2.5 M NaCl. The highest
destabilizing effect was observed at 2.5 M NaBr followed

(30). In the presence of NaCl, the contentashelix in the
S£F-10-GDP complex became significantly higher and that
of unordered structures and/or loops #hsheets decreased
(Table 1). A small modification of the turns content was also
observed in the presence of KCI, NaBr, and /IH These
findings indicated that a high ionic strength is resposible for
such a behavior. It is interesting to note that, with the increase
in temperature, the-helix signal in the second-derivative
spectra of the protein in the presence of different salts at 60
°C reached almost the same value. The signal then decreased
and reached the same value as that of $deF-10-GDP
complex in the absence of salts-a85 °C.

On the basis of the content of secondary structure, it was
not possible to assign only to Nahe specific ability to
trigger the GTPadé since NH™ and K", even though
uneffective (0), caused an increase axhelix content. In
general, salts provoke a moderate effect on the content of
pB-sheets. In conclusion, the data in Table 1 indicate that the
GTPase activity triggered by salts at high concentrations
cannot be assigned to changes in the secondary structure of
SEF-1a alone. On the other hand, the possibility that NaCl
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stimulated the intrinsic GTPase &<%F-1la by inducing
conformational changes in specifichelix regions, similar
to those found in the Gpp(NH)p-bound form of the enzyme
(compare differences in intensity of thehelix signal at
~1651 cn1? reported in Figures 2 and 3), cannot be ruled
out. In this context, besides small changes in the secondary
structure, the infrared spectra revealed that (i)AFgheets
of the SEF-10-Gpp(NH)p complex either in the absence or
in the presence of NaCl display a better ability to undergo
IH—2H exchange than th8€F-10-GDP complex does and
(ii) the thermal stability of the Gpp(NH)p-bound form of
S€F-1a is lower than that of the GDP-bound form. All
together, these data suggest that 8&F-1la-Gpp(NH)p
complex assumes in particular region(s) a conformation
different from that present in tHe€F-1a-GDP complex and
NaCl is not able to induce the conformational changes
observed when the nucleotide bound#F-1o was GDP.
The thermal denaturation profile of thfe€F-1a-GDP
complex in the absence of salts (Figure 7) showed that the
Tm was higher than 100C. This value was at least &
higher than that previously reporte@1j, and this finding
can be ascribed to the fact that tBe€F-1a concentration
used in this work was 2 orders of magnitude higher. In
addition, NaCl destabilized the overall protein structure to
an extent that was much lower than that observed with NaBr
or NH4CI (Figure 7). Via comparison of the destabilizing
effect of 2.5 M NaBr with that of 2.5 M NacCl, it was clear
that the stronger effect exerted by NaBr was due to the anion.
The thermal denaturation of th8€£F-1lo-GDP complex
evaluated in the presence of 2.5 M hH, KCI, or NaCl
assigned the highest destabilization effect to,NHThus,
the destabilizing effect of NaCl should be attributed to the
charge density of Ng which affects the accessibility of the
substrate into the catalytic site for GTP hydrolysis, and/or
to the ability of the ions investigated to bind at specific sites
of SEF-1a. The anion plays an important role in protein
stability. In fact, NaBr triggered th8<€F-lo GTPase to a
level lower than that of NaCl1Q). This finding can be
attributed to a greater destabilizing effect of Bhat would
negatively affect the structure of the catalytic site for the
hydrolysis of GTP. The breaking of hydrogen bonds or of
salt bridges should also be considered, it having been reported
that a high number of salt bridges plays an important role
for the structural stability of thermophilic proteins at high
temperatures32, 33).
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