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ABSTRACT. The stability against chemical denaturants of the elongation factoroEHSEF-1a), a protein
isolated from the hyperthermophilic archaeBualfolobus solfataricufias been characterized in detail.

Indeed, the atypical shape of the protein structure

and the unusual living conditions of the host organism

prompted us to analyze the effect of urea and guanidine hydrochloride (GuHCI) on the GDP complex of
the enzyme $<E£F-10-GDP) by fluorescence and circular dichroism. These studies were also extended to
the nucleotide-free form of the protein 8¥F-10). Interestingly, the experiments show that the denaturation
curves of botlfS€F-1a forms present a single inflection point, which is indicative of a cooperative unfolding
process with no intermediate species. Moreover, the chemically induced unfolding processSd6th
1lo-GDP and nB€£F-1a is fully reversible. BotitS€F-1o forms exhibit remarkable stability against urea,

but they do not display a strong resistance to the denaturing action of GUHCI. These findings suggest that
electrostatic interactions significantly contributeS&EF-1a stability.

The elongation factors (EPshat catalyze the binding of
the aminoacyl-tRNA to the ribosome are ubiquitous and
highly conserved guanine nucleotide-binding proteins (GNBP)
(1, 2). They consist of a single polypeptide chain with a
length of 390-460 residues. In performing their biological
functions, these EFs interact with several cellular compo-
nents: GDP, GTP, MY, aminoacyl-tRNA, exchange fac-
tors, and ribosomel( 3—6).

identities that fall in the 3640% range when compared to

archaeal EFs7). On the other hand, the sequences of
archaeal and eukaryal EFs, collectively designated &F-1

share sequence identities in the-ED% range 7).

From the structural point of view, the extensively char-
acterized EF-Tu shows intriguing properti&3. (ndeed, the
interactions with both small and large ligands produce large
rearrangements of the enzyme structute 6, 8—12).

The comparison of EF sequences derived from organismsparticularly impressive is the interdomain reorganization
of the three living domains shows that archaeal EFs are moregpserved between the active GTP-bound and the inactive

similar to eukaryal EFs than to eubacterial EFs. Indeed,

GDP-bound forms§, 6). Large variations also occur upon

eubacterial factors, denoted as EF-Tu, display sequencepe interaction of EF-Tu with the exchange facta,(12)
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and with antibiotics 10).

Although only limited structural information is available
for EF-1o, the first crystallographic investigations have
provided insight into differences and analogies between EF-
Tu and EF-1x (13—15). As for EF-Tu, the GDP complex
of Sulfolobus solfataricugF-la (SEF-1a) shows an open
structure with few interdomain interactiorfsyj. On the other
hand, the association betweBaccharomyces cersiaec EF-
la (SEF-10) and its nucleotide exchange factor is com-
pletely different from that observed in the EF-Tu enzymes
(13). Nevertheless, the comparison ®fEF-1o and SEF-
la shows that the enzyme function relies on a large structural
flexibility as found in its eubacterial counterpaltsj.

In the present paper, we report a characterization of the
stability against chemical denaturantsSsEF-1a, a protein
isolated from a hyperthermophilic archaed®)( The chemi-
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cal denaturation of the GDP complex of the enzyme was in different amounts, were mixed with protein solutions to
investigated by circular dichroism (CD) and fluorescence. give a constant final value of the protein concentration (0.15
Notably, these experiments demonstrate 8e&t--1o-GDP mg mL™1). The final concentration of urea and GuHCI was
unfolds in a reversible and cooperative manner, despite thein the range of 0.69.6 and 0.6-7.0 M, respectively. The
peculiar shape of the complex, which is stabilized by few final pH for each sample was corrected by adding concen-
interdomain contactslf). In addition, we report the prepara- trated solutions of HCI or NaOH because high concentrations
tion and the characterization of the nucleotide-free form of of urea and GuHCI affect the pH of the solution. Each sample
this enzyme (B<E£F-10), which also exhibits a reversible was incubated overnight. Longer incubation times led to
and cooperative unfolding. These findings have been inter-identical spectroscopic signals.

preted using the structural data available on the enzyme.  The urea- and GuHCl-induced denaturations were inves-
tigated by recording the CD signal at 222 nm, and the
EXPERIMENTAL PROCEDURES intensity change of the fluorescence signal at a fixed
. . wavelength. The reversibility of the unfolding process has
Prepa_ratlon of SsEFd and Its Nuclequde-Free For_m. been initially proved by checking the optical properties of
RecombinanS<F-1o was prepared by using discherichia  «sopF 3y and SsEF-4-GDP after the removal of the
coli expression system following the procoedl_Jre described yenaturing agents by ultrafiltration. Furthermore, the revers-
previously (7). The protein was stored &20°C in abuffer jyjiry was also checked by recording a CD renaturation curve
containing 20 mM Tris/HCI (pH 7.8), 50 mM KCI, 10 mM 3t 555 nm) upon a stepwise dilution of a protein solution
MgClz, and 50% (v/v) glycerol. from 5 to 0.5 M GuHCI. The functionality of the diluted
The ligand-free form of the enzyme @d&F-1a) was solution containing 0.5 M GuHCI was also tested. In
prepared from the recombina@$EF-1oc by adopting the  particular, the GDP-binding ability and the GTPase activity
procedure reported by Raimo et al8] that was based on  of the enzyme were analyzed following the procedure
the method initially developed for the small GNBP H-ras reported by Masullo et al.16) (see also the Supporting
(19). The functionality of nB€£F-1a has been checked by  Information).
measuring both the intrinsic GTPase activity and the GDP-
binding ability of the enzyme 16). These experiments RESULTS
showed that the enzyme was fully active, even after a storage

for several weeks at 2C (data not shown). Spectroscopic Characterization of nfSsEé-dnd SSEF-

1lo-GDP. CD spectra of B€EF-1o andSEF-10-GDP were
CD and Fluorescence Spectréll CD spectra Wereé  ocorded at 20°C in both the far-UV and the near-UV
recorded with a Jasco J-810 spectropolarimeter equipped Withregions. The far-UV CD spectra G<EF-10-GDP (Figure

a Peltier temperature control system (Model PTC-423-S). 1 a) and nSEF-10. (Figure 1B) are practically identical. The
The spectropolarimeter was calibrated with an aqueous avimum centered at 195 nm and the broad minimum
solution of 1S-¢)-10-camphorsulfonic acid at 290 NM. " centered at 222 nm are indicative of the presence of @oth
Molar ellipticity per mean reS|dL_|e6[ m_degrees cr?ndmol:l, andg secondary-structure elements. A quantitative estimation
was calculated from the equationt] [= [0loomwW(10C) ™, of the secondary-structure content, performed by using the
where Plovs is the ellipticity measured in degrees, mnw is - ggff.consistent metho®() implemented in DICHROWEB
the mean residue mollecular mass (111.5 Daj,the protein (1) showed that the: helix, the sheet, and the unordered
concentration in g L', andl is the optical path length of  region contents are 29, 40, and 31%, respectively. These
the cell in centimeters. Far-UV measurements (2830 nm)  y5jyes are in line with those derived from the X-ray structure
were carried out at 28C using a 0.01 cm optical path-length ¢ sEF-10 complexed with GDP 15, 22) and those
cell and a protein concentration of 3.0 mg MLNear-UV estimated by FT-IR measuremengs). The near-UV CD
spectra (256320 nm) were coIIe_cted at 2C u'sing a0.5 spectra of MBEF-1o. and SEF-10-GDP (Figure 2) are
cmgath-length cell and a protein concentration of 3.0 Mg gjmjlar with positive and negative extrema located at identical
mL"~. CD spectra, recorded with a time constant of 4 s, a 2 \yayelengths, even though their intensities are slightly

nm bandwidth, and a scan rate of 5 nm minvere signal- itferent. This finding indicates that aromatic side chains of
averaged over at least three scans. The baseline was correctefle protein have similar microenvironments in either the
by subtracting the buffer spectrum. absence or presence of GDP. These data confirm the integrity

Fluorescence spectra were collected at°20using a of the folded structure 08€F-10. even after the removal
Varian Cary Eclipse spectrofluorimeter and a 1.0 cm path- of GDP.
length cell. Two separate sets of experiments were carried The far-UV CD spectra of bot&€EF-1o forms either at
out, setting the excitation wavelength at either 280 or 295 9.6 M urea or 7.0 M GuHCI are also shown in parts A and
nm. In both cases, the excitation and the emission slit widths B of Figure 1. It is evident that at a high concentration of
were 5 nm. GuHCI the molar ellipticity ofSEF-1a is close to 0. This
Chemical Denaturation Experiment8. buffer solution is an indication that the unfolded state produced by GuHCI
containing 10 mM of sodium phosphate (pH 7.0) was used does not contain residual secondary structure. On the other
in all of the chemical denaturation experiments. Chemical hand, a significant CD signal is still detectable at high
denaturants urea and guanidine hydrochloride (GUHCI) were concentrations of urea. This suggests that urea leads to an
purchased from Sigma. Urea was further purified by recrys- unfolded state of the protein, which still contains a significant
tallization from ethanol/water (1:1) mixtures and used amount of secondary structure.
immediately after preparation. A commeirc&aM GuHCI The steady-state fluorescence propertieS&F-1a-GDP
solution was utilized. Stock solutions of urea and GuHCI, and nS€F-1a were studied using both 280 and 295 nm
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Ficure 1: Far-UV CD spectra o8EF-10-GDP (A) and nS<EF-
lo. (B). The spectra of the native proteins (green) and of the
denatured forms, which were obtained with either urea (black) or
GuHCI (magenta), were recorded at 20 in 10 mM phosphate
buffer (pH 7.0). Denaturations were achieved by incubating
overnight the protein solution with 9.6 M urea @ M GuHCI.
Because of the absorption of urea and GuHCI molecules, the spectre
of the denaturated proteins could only be registered from 250 to
215 nm. The spectra of the refolded species obtained after the
removal of urea (yellow) and GuHCI (red), which are virtuall . . . .
identical to those c()¥the n?altive proteins, E’:\re ;Iso shown (wavelen)gth Ficure 3: Location of Tyr (red) and Trp (cyan) residues in the
interval of 206-250 nm). SEF-10-GDP structure. The figure was generated using MOL-

SCRIPT @2) and RASTER3D 43).

excitation wavelengths. The first wavelength allows one to

analyze the contribution of both the 10 Tyr and the 2 Trp maximum for the two Trp residues could be the consequence
residues present BEF-1a, whose location in the structure  of their quenching and/or the absence of resonance energy
of SEF-1a0-GDP is shown in Figure 3. The second wave- transfer between excited Tyr phenol rings and Trp side
length induces the selective excitation of Trp residues. The chains. The spectra obtained upon excitation at 295 nm
fluorescence emission spectraSdF-1a-GDP (Figure 4) present a maximum at 327 nm and a shoulder at-385
upon excitation at 280 nm show a maximum at 308 nm, nm. This may indicate that the two Trp side chains are
whereas those carried out upon excitation at 295 nm presentocated in different environments. This result is in line with

a peak at 327 nm. Very similar spectra have been obtainedthe structural data available @EF-1o-GDP, indicating that

for nfS€EF-1o. The maximum at 308 nm should represent Trp 209 is well-buried, whereas Trp 334 is partially exposed
the contribution of Tyr residues, whereas the absence of ato the solvent 15). Because no difference is detectable
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Ficure 4: Fluorescence emission spectra of nativg,(denatured (- - -), and renatured-J S€F-1o-GDP. Denaturation experiments
were performed by using either 9.6 M urea (A and B) or 7.0 M GuHCI (C and D). Renaturation was achieved by removing the denaturing
agent. In A and C, the excitation wavelength was 280 nm, whereas it was 295 nm for the experiments reported in B and D.

between the fluorescence spectra $f£F-10-GDP and resonance energy transfer from Tyr side chains to Trp ones
nfSEF-1a, these data confirm that the aromatic side chains is not complete in denatureg€F-1a.
are embedded in similar environments in both forms. Finally, it is worth noting that the unfolding @E£F-1a.
Upon chemical denaturation with either 7.0 M GuHCI or GDP by chemical denaturants also produces the dissociation
9.6 M urea, the fluorescence spectra of btaF-la-GDP of GDP from the enzyme. The removal of both denaturant
and nBEF-1o. show an increase of the quantum yield and and GDP by dialysis leads to the formation of the folded
maxima shifted to longer wavelengths, specifically 355 nm nucleotide-free form oB<£F-1a, because the denaturation
for GUHCI and 350 nm for urea (Figure 4), regardless of process is reversible (see below). Therefore, this procedure
the excitation wavelength used. It is worth mentioning that represents an alternative method to obtaifdaf-1lo.
fluorescence emission spectra with a maximum around 350 Stability against Chemical Denaturant§he conforma-
nm are characteristic of Trp side chains exposed to aqueougional stability of nS€F-1o and SEF-1a-GDP against the
solvent @4). Therefore, both urea and GuHCI cause the denaturing action of both urea and GuHCI was investigated
destruction of the tertiary structure 8&F-1o.. Moreover, by recording as a function of the denaturant concentration:
the fluorescence emission spectra upon excitation at 280 nmthe change in molar ellipticity at 222 nm and the change in
of both protein forms, either in 9.6 M urea or 7.0 M GuHCI, fluorescence intensity at 308 (upon excitation at 280 nm)
show a second lower maximum at 310 nm because of theand at 327 nm (upon excitation at 295 nm) (Figure 5). The
emission of Tyr side chains (see parts A and C in Figure 4). experiments were carried out at ZD, in a 10 mM phosphate
The occurrence of this peak is an indication that the buffer (pH 7.0), after an overnight incubation of the samples
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Ficure 5: Equilibrium denaturation curves &EF-1a-GDP induced at pH 7.0 and 2@ by urea (A and B) or GUHCI (C and D). The
curves were obtained by recording the change of the fluorescence intdpgjtyat(308 and 327 nm&) and the change of the molar
ellipticity at 222 nm {J). The curves of the change of the fluorescence intensity reported in A and C were obtained upon excitation at 280
nm, whereas those shown in B and D were recorded upon excitation at 295 nm. The protein concentration was 0.15 mg mL

at 4°C. The results proved to be independent of the protein phenomenon. Similar inflection points are observed when
concentration in the range of 0.68.4 mg mL™. the shift of the wavelength of the maximum of the fluores-
Renaturation of completely unfolded samples upon suitable cence spectra is considered. Furthermore, the values of the
dilutions showed a full recovery of all of the spectroscopic denaturant concentration at half-completion of the transition,
features of the native enzyme (Figures 1 and 4). The [urea}, (7.2—7.4 M) and [GuHCI], (2.7-2.9 M), are
reversibility of the unfolding process 08<€F-10-GDP virtually independent of the experimental probe used (see
induced by GuHCI was confirmed by recording the change Table 1).
of the molar ellipticity at 222 nm upon dilution of a protein
solution containig 5 M GuHCI (Figure 6). Similar results  DISCUSSION
were obtained when the change of the fluorescence intensity
was used as a probe (data not shown). Analogous findings The structure o6<€F-1o is characterized by the presence
are obtained for IBEF-1a. (data not shown). of three distinct domains, which constitute a widespread
It is worth mentioning that, upon dilution, GuHCI-unfolded supradomain motif found in several other syste2®.(The
samples exhibit an intrinsic GTPase activity (see Figure S1 domain organization of the protein complexed with GDP is
in the Supporting Information) and a GDP-binding ability peculiar. Upon analogy with the complexes of ERGDP,
(Figure S2 in the Supporting Information) that are similar S<EF-10-GDP presents a triangular shape with a large hole
to those shown by wild-typ&EF-1a (16). located between domains 1 and 2 (Figure 3). The atypical
The denaturation curves obtained by means of the inde-shape of the protein structure and the unusual living
pendent experimental probes show similar features for both conditions of the host organism prompted us to investigate
SEF-10-GDP and nBEF-1a. They have a sigmoidal shape the stability against chemical denaturantsSdEF-1o-GDP
with a single inflection point, typical of a cooperative and nS€£F-la.
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FiGure 6: Reversibility of the unfolding process 8#F-10-GDP
induced by GuHCI. The curves were obtained by recording the
change of the molar ellipticity at 222 nm of protein solutions treated
overnight with increasing amounts of GuHCI)(or upon dilution

of a protein solution containh5 M GuHCI (@).

Table 1: Values of the Denaturant Concentration at
Half-Completion of the Transition foB€EF-1a-GDP*

probe [ureay. [GUHCI]12

[0]222 7.4(7.4) 2.9 (2.9)

3 oo 7.4 (7.4) 2.8 (2.8)
Aexc= 280 nM e 7.4(7.2) 2.8(2.8)
3 b 7.4 (7.4) 2.8 (2.7)
Aexe= 295 M A 7.4(7.3) 2.8(2.7)

@ The values for nfSsEFelare reported in parenthesis. The numbers
are the mean values of these measurements; the estimated errors at
approximately within 15% of the values reportéd,, corresponds to
the fluorescence intensity at 308 and 327 nm for measurements carriec
out with Aexc 0f 280 and 295 nm, respectively.

Upon excitation at 280 nm of both 8&EF-1o and SEF-
1o-GDP, the fluorescence emission spectra are characterizegicure 7: Cluster of charged residues in the structureSeEF-
by the presence of a peak at 308 nm because of Tyr emissionla-GDP (15) (A). The corresponding residues in the structure of
This unusual feature2d) is likely related to the peculiar ~ SEF-la (13) are shown in B. Electrostatic interactions between
structure of the protein. Indeed, the absence of detectabl atoms whose distance is shorter than 3.2 A are shown with dashed
resonance energy transfer between tyrosine and tryptophanInes
residues may be ascribed to the presence of four Tyr sidedimensions and the shape of the protein. It is typically
chains, namely, Tyr 84, Tyr 180, Tyr 241, and Tyr 401, believed that the maximum size for a cooperative domain is
which have the center of mass located more than 20 A awayabout 200 residues2{—29). However, in recent years,
from the center of mass of both Trp side chains. Furthermore, several exceptions, especially among extremophilic proteins,
the fluorescence intensity of the two Trp residues may be have been found2f—32). The data presented here suggest
quenched because Trp 334 is partially exposed to the solventhat even a large protein with a rather loose structure can
and Trp 209 has the indole nitrogen atom involved in a exhibit a cooperative unfolding. This finding also indicates
hydrogen bond. that the structural alterations of a single domain can be

Notwithstanding the features of fluorescence spectra, thetransmitted to the others, despite the limited interdomain
experimental data on the stability of bdddEF-10-GDP and interfaces of the protein. Bots<€EF-1o forms exhibit a
nfSEF-1a against urea and GuHCI demonstrate unequivo- remarkable stability against urea, [urgaF 7.2—7.4 M. On
cally that the denaturant-induced unfolding is a cooperative the other hand, the stability against GUHCI is not particularly
and reversible process, which is accompanied by a totalhigh, [GUHCI}, = 2.7—2.9 M. This means that, even though
recovery of the enzymatic activity. Different probes, far- S$£F-1o comes from a hyperthermophilic source, it does
UV CD, and fluorescence, detecting changes in the secondarynot possess extra-resistance to the denaturing action of
and tertiary structure, respectively, produce very similar GuHCI. As found for other thermostable proteins, the ratio
transition curves with a single inflection point located at the [urea},/[GUHCI],» ~ 2.8 is significantly higher than that
same value of the denaturant concentration. These dataapproximately 2) obtained from analyses carried out on
indicate that the process can be described as a two-state Nbroteins isolated from mesophilic organisnds,(34). The
< D transition 6). This may appear surprising, given the relatively low [GuHCI}, value, compared to the [ureg]
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one, may indicate that electrostatic interactions, which are 2.

more efficiently weakened by GuHCI than urea, play an
important role in the stabilization @£F-1a.

This finding prompted us to carry out a survey of the 3.

electrostatic interactions that may play an important role in
the stabilization oS€£F-1o. The structure oSEF-1o (13)
isolated from the mesophilic organisén cereisiag was used

as a reference. The analysis of the crystal structu&def- 5.

1o-GDP (15) reveals two important electrostatic clusters. The
first one involves the side chains of Glu 216 and Arg 30,
which belong to the helices A and F, respectively, of domain g
1. Helix A is further stabilized by electrostatic interactions
between Arg 25 and Asp 29 side chains. These residues are
not conserved in th8E&EF-1o. sequence. It is worth mention-
ing that Glu 216 is close to the 12-residue deletion/insertion
region that differentiates EFelsequences of animals and
fungi from those of plants, protists, and archa$).(

The second cluster of electrostatic interactions involves

the Arg 165 side chain, which interacts with both Glu 123 9.

and Glu 168 (Figure 7A). The Glul68 side chain also
interacts with the Lys 164 side chain. Interestingly, although

the arginine and the two glutamic acid residues are conserved 10.

in the S. cereisiaesequence, these electrostatic interactions
are not optimized in theS&EF-1a structure (Figure 7B),
because of (a) the replacement of the lysine with a neutral 14
residue, Ser 163, and (b) the presence of an additional
negatively charged residue, Glu 171, in this region (Figure
7B). This shows how the formation of an ion pair strongly
depends upon the local environment of the residues involved.
Even though these electrostatic clusters, in line with a general
survey B6), may represent important candidates for confer-
ring stability to the SEF-1o, medium- and long-range
interactions on the protein surface may also have stabilizing
effects, as suggested in other ca®¥%-41). Along this line,

it is worth mentioning thaB€£F-1o contains a slightly higher
percentage (28 versus 26%) of charged residues (Lys, Arg,
Glu, and Asp) and a lower amount (15 versus 17%) of polar
residues (Asn, Ser, GIn, and Thr) when compare8der-

la.
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NOTE ADDED AFTER ASAP PUBLICATION

In an earlier version of this paper posted ASAP on the
web on December 24, 2005, Glu 172 was incorrectly cited
on line 352 in the last paragraph of the paper. This residue
has been corrected to Glu 171 in this new version posted
December 29, 2005.

SUPPORTING INFORMATION AVAILABLE

Figure S1, GTPase activity of native. and renatured
GuHCI-unfoldedS<€F-1 ©) in the presence of 0.5 M NacCl;
Figure S2, GDP-binding ability of native (A) and renatured
GuHCI unfolded SsEF-1 (B). This material is available free
of charge via the Internet at http://pubs.acs.org.
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