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Abstract The ubiquitin protein belongs to the �-grasp
fold family, characterized by four or Wve �-sheets with a
single �-helical middle region. Ubiquitin-like proteins
(Ubls) are structural homologues with low sequence iden-
tity to ubiquitin and are widespread among both eukaryotes
and prokaryotes. We previously demonstrated by bioinfor-
matics that P400, a polypeptide from the haloalkaliphilic
archaeon Natrialba magadii, has structural homology with
both ubiquitin and Ubls. This work examines the secondary
structure of P400 by Fourier transform infrared spectros-
copy (FTIR). After expression in Escherichia coli, recom-
binant P400 (rP400) was separated by PAGE and eluted
pure from zinc-imidazole reversely stained gels. The
requirement of high salt concentration of this polypeptide
to be folded was corroborated by intrinsic Xuorescence
spectrum. Our results show that Xuorescence spectra of
rP400 in 1.5 M KCl buVer shifts and decreases after ther-
mal denaturation as well as after chemical treatment. rP400
was lyophilized and rehydrated in buVer containing 1.5 M
KCl before both immunochemical and FTIR tests were per-
formed. It was found that rP400 reacts with anti-ubiquitin
antibody after rehydration in the presence of high salt

concentrations. On the other hand, like ubiquitin and Ubls,
the amide I� band for rP400 shows 10% more of
its sequence to be involved in �-sheet structures than in
�-helix. These Wndings suggest that P400 is a structural
homologue of the ubiquitin family proteins.
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Introduction

Archaea are classiWed as the third domain of life because
they are signiWcantly distinct from Bacteria and Eukarya
(Woese et al. 1990). Most archaeal microorganisms are
adapted to live under extreme environmental conditions
(Brown and Doolittle 1997). Among them, Halobacteria-
ceae is a family whose members need high NaCl (>3 M)
concentrations for growth (Kamekura and Kates 1997). In
recent years many archaeal proteins have been character-
ized. These records suggest that archaeal proteins associ-
ated with energetic metabolism and genetic information are
often related to their bacterial and eukaryal counterparts,
respectively (Brown and Doolittle 1997). Because of these
similarities, and despite the absence of already sequenced
archaeal genomes, whether archaea have a conjugative sys-
tem of proteins like the eukaryal ubiquitin pathway has
been analyzed (Bienkowska et al. 2003).

Ubiquitin is a highly conserved protein within the
eukaryotic domain that was Wrst described as a modiWer
that attachs to proteins allowing them to be recognized and
degraded by the 26S proteasome (Ciechanover 1994). Thus
far, ubiquitin has been shown to play several cellular roles,
from proteolysis to DNA repair and protein traYcking
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(Ciechanover and Iwai 2004; Hochstrasser 2009). Despite
being widespread among eukaryotes, ubiquitin is not pres-
ent in prokaryotes. However, several proteins known as
ubiquitin-like (Ubl) and ubiquitin-like domain (UbD)
proteins have been identiWed in the three domains of life
(Hartmann-Petersen and Gordon 2004; Hochstrasser 2009;
Humbard et al. 2010). These proteins display the conserved
�-grasp fold characteristic of ubiquitin and, usually, low
amino acid sequence identity with ubiquitin (Iyer et al.
2006). This fold comprising four or Wve �-sheet strands
with a helical segment between the second and third strand
has been found to be the scaVold for a diverse set of func-
tions among all organisms (Burroughs et al. 2007).

Ubiquitin-like proteins not only share a 3D structure
homology with ubiquitin but also conjugate to target
proteins like ubiquitin does (Hochstrasser 2009). Among
prokaryotes, ThiS and MoaD are the most studied Ubls.
These proteins are involved in the biosynthetic pathway of
cofactors thiamine and molybdenum (Marquet 2001;
Rudolph et al. 2001; Wang et al. 2001). They display a sim-
ilar mechanism to the ubiquitin conjugation pathway and
are described as functional homologues of ubiquitin
(Hochstrasser 2000; Iyer et al. 2006). Recently, Humbard
et al. (2010) described the presence of two ubiquitin-like
small archaeal modiWers (SAMP1 and SAMP2) from Halo-
ferax volcanii that bind cellular proteins similarly to ubiqui-
tin and Ubls. The physiological role of these conjugates is
not yet known. At the same time, ubiquitin-like domains
are present in one or several repeats close to either the N- or
C-terminus of large nonconjugable proteins (Hartmann-
Petersen and Gordon 2004). These proteins have been
mainly described in eukaryotes and form a more function-
ally diverse group than Ubls (Burroughs et al. 2007;
Grabbe and Dikic 2009).

Previously, by in silico analysis, we showed that a
polypeptide of 124 amino acids named P400 from the
haloalkaliphilic archaeon Natrialba magadii has high 3D
structural homology with ubiquitin (Nercessian et al.
2009). In addition, we found that P400 expressed in Esch-
erichia coli and refolded in a high concentration of KCl
reacts with anti-ubiquitin antibody. From these results, we
inferred that P400 could be described as a ubiquitin-like
polypeptide (Nercessian et al. 2009). This could indicate
that N. magadii as well as other archaea contain proteins
representing the ancestors of the eukaryotic ubiquitin.

When attempting to identify new Ubls and UbDs, both
the secondary and tertiary structure of candidates must be
determined. Halophilic proteins usually require high salt
concentration in the medium to keep their native fold
(Eisenberg et al. 1992; Madern et al. 2000), which compli-
cates their structural analysis. Thus, vibrational spectrosco-
pies, such as Fourier transform infrared spectroscopy
(FTIR) and circular dichroism (CD), are important and

commonly used techniques for protein structure studies
(Barth 2007; Haris and Severcan 1999; Severcan et al.
2001).

As part of the current work performed to characterize
P400, we have determined its structural parts by FTIR anal-
ysis. We also performed intrinsic Xuorescence analysis of
the polypeptide and corroborated its folded state at high salt
concentrations. For this, a little used protein puriWcation
technique was adapted to obtain high amounts of pure
P400.

Materials and methods

Biological material and growth media

Escherichia coli Rosetta (DE3) cells were grown in LB
medium at 37°C under aerobic conditions and constant agi-
tation (170 rpm). Growth was measured by optical density
at 600 nm (OD600).

Heterologous expression and puriWcation of P400 
polypeptide

Expression of p400 DNA fragment in E. coli Rosetta cells
was performed as previously described (Nercessian et al.
2009). PuriWcation by aYnity chromatography to Ni2+ of
the recombinant polypeptide present in the inclusion bodies
gave a low yield of puriWed protein (data not shown). Then,
Rosetta cells containing the construction pET24b-p400
induced with 0.5 mM of IPTG for 3 h were harvested.
The cell pellet was sonicated in buVer Tris-HCl 100 mM
pH 8—0.5 M NaCl and centrifuged at 17,000£g for
30 min. The insoluble fraction was resuspended in sample
buVer containing 8 M urea and 1 mM DTT and incubated
for 16 h at 25°C followed by 10 min at 37°C. Then, this
sample was subjected to SDS-PAGE as described by
Laemmli (1970). Protein bands were revealed by means of
the Zn-imidazole staining protocol described by Hardy and
Castellanos-Serra (2004). Pictures of gels were taken by
scanning against a black background. The recombinant
P400 (rP400) band (RM: 23 kDa) was cut and eluted from
the gel with 30 mM Tris-50 mM glycine pH 8 and lyophi-
lized after dialysis against distilled water.

Refolding of P400 and Western blot tests

Protein concentration was determined by the bicinchoninic
acid method (Smith et al. 1987) using bovine serum albu-
min as standard. Refolding of puriWed rP400 in solution
was performed as described before (Nercessian et al. 2009).
In addition, to verify the refolding of the lyophilized rP400
used in the FTIR assays, this was resuspended in buVer
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Tris-HCl 100 mM pH 8 with KCl 1.5 M and incubated at
18°C for 16 h. The diVerent preparations of puriWed rP400
(4 �g) were loaded on polyacrylamide gel (12%). For this,
SDS-PAGE was carried out under nonreducing conditions
and without boiling the samples. Ubiquitin (1 �g) and
trypsin inhibitor (1 �g) were used as positive and negative
controls, respectively, of the Western blot test. After elec-
trophoresis, the separated proteins were transferred to nitro-
cellulose membranes and subjected to Western blotting
using 1:100 rabbit anti-ubiquitin primary antibody (Sigma)
performed as described by Nercessian et al. (2009).

Fluorescence tests

Chemical denaturations were carried out by adding the cor-
responding amount from an 8 M stock solution of GdmCl.
Changes with increasing concentrations of GdmCl were
followed by variations in the maximum Xuorescence inten-
sity and in the emission maximum wavelength. Samples of
rP400 were excited at 280 nm, and spectra were recorded
between 300 and 400 nm. Measurements were carried out
in a 1 cm quartz cuvette with rP400 solubilized in a buVer
containing 100 mM HEPES, 1.5 M KCl, pH 8.0. Intensity
values were corrected for dilution, and subtraction of back-
ground emission contribution was derived from GdmCl
titration of a buVer blank. Thermal denaturation of rP400
was monitored by a decrease in Xuorescence intensity in a
Varian Cary Eclipse spectroXuorometer with excitation and
emission of 280 and 350 nm, respectively, and 4 nm spec-
tral bandwidths [thermal denaturation curves at excitation
295 nm yielded similar results (see “Results”)].

Infrared spectroscopy (IR)

For the infrared measurements, lyophilized rP400 polypep-
tide was resuspended in 25 �l D2O buVer 100 mM HEPES
containing 1.5 M KCl to a Wnal concentration of 16 mg/ml.
The sample in solution was incubated at 18°C for 16 h. The
refolded polypeptide was placed between two CaF2 win-
dows separated by 56 �m thick TeXon spacers and trans-
ferred to a Harrick Ossining demountable cell. Fourier
transform infrared spectra were obtained in a Bruker IFS55
Fourier transform infrared spectrometer equipped with a
deuterated triglycine sulfate detector. Each spectrum was
obtained by collecting 500 interferograms with a nominal
resolution of 2 cm¡1, which were transformed using trian-
gular apodization. To average background spectra between
sample spectra over the same time period, a sample shuttle
accessory was used to obtain sample and background spec-
tra. The spectrometer was continuously purged with dry air
at a dew point of ¡40°C to remove atmospheric water
vapor from the bands of interest. Band-narrowing strategies
were applied to resolve the component bands in the amide

I� region. Second-derivative spectra were calculated over a
15-data point range. Fourier self-deconvolution (Kauppinen
et al. 1981) of the subtracted spectra was carried out using a
Lorentzian shape and a triangular apodization with a reso-
lution enhancement parameter, K, of 2.2, which is lower
than log (signal/noise) (Mantsch et al. 1988) and a full
width at half-height of 18 cm¡1. These parameters assumed
that the spectra were not overdeconvolved as was
evidenced by the absence of negative side lobes. Protein
secondary structure elements were quantiWed from curve-
Wtting analysis by band decomposition of the original
amide I� band after spectral smoothing using the same soft-
ware stated above (Palomares-Jerez et al. 2010). BrieXy,
for each component, three parameters were considered:
band position, band height, and band width. The number
and position of component bands was obtained through
deconvolution, and in decomposing the amide I� band,
Gaussian components were used. The curve-Wtting proce-
dure was accomplished in two steps: in the Wrst one, band
position was Wxed, allowing widths and heights to approach
Wnal values, and in the second one, band positions were left
to change. Band decomposition was performed using Spec-
traCalc (Galactic Industries). The Wtting result was evalu-
ated visually by overlapping the reconstituted overall curve
on the original spectrum and by examining the residual
obtained by subtracting the Wtting from the original curve.
The procedure gave diVerences of less than 2% in band
areas after the artiWcial spectra were submitted to the curve
Wtting procedure.

Results and discussion

PuriWcation and refolding of P400 polypeptide

Previously using Ni2+ aYnity chromatography, we isolated
the recombinant P400 polypeptide (rP400) to 90% purity
(Nercessian et al. 2009). However, this procedure was not
suitable to obtain rP400 for FTIR because this technique
requires high amounts of entirely pure samples. Conse-
quently, we subjected E. coli inclusion bodies holding
rP400 to SDS-PAGE followed by reverse staining of gel
with zinc-imidazole as described by Hardy and Castell-
anos-Serra (2004). This infrequently used technique is
based on the zinc imidazolate selective precipitation in the
gel parts not containing protein. Thus, throughout these
steps, pure rP400 was eluted from the gel with a 90% yield
(Fig. 1).

Because dehydration can irreversibly change the second-
ary structure of proteins (Griebnow and Klibanov 1995;
Prestrelski et al. 1993), its eVect on pure rP400 was
examined. Figure 2 shows that rP400 refolded by dialysis
against buVer with 1.5 M KCl reacts with the anti-ubiquitin
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antibody. Also, it shows that this reaction is similar for the
lyophilized rP400 rehydrated in the same buVer. As can be
seen from the Wgure, the antibody reacts with 2 min bands
at the rP400 region. The possibility that these bands
are diVerent folding forms of rP400 separated in semi-
denaturing condition should not be discarded. Also, owing
to the requirement of salt for refolding, only a small amount
of protein is detected by the antibody when rP400 is rehy-
drated in nonsaline solution (Fig. 2, lane 3). It may be also
noted that similar results to those shown in Fig. 2 are seen

by dot blot tests (data not shown). All of these results dem-
onstrate that lyophilization of the puriWed rP400 does not
impede its refolding when rehydrated in buVer with 1.5 M
KCl for FTIR tests. In other words, the results support the
idea that conformational changes induced by lyophilization
could be reversed depending on the structure of each pro-
tein (Luthra et al. 2006; Prestrelski et al. 1993). Indeed,
while lyophilization of �, �, and disordered proteins has
been shown to induce partially irreversible changes,
most �/� proteins recover their original conformation after
rehydration (Prestrelski et al. 1993), which agrees with the
present characterization of rP400.

Fluorescence tests

The Xuorescence spectra of the polypeptide in buVer with
1.5 M KCl and with the denaturating agent 5 M guanidine
hydrochloride are shown in Fig. 3a. P400 has a sole trypto-
phan at position 71 and four tyrosines at positions 8, 13, 48,
and 109 (Fig. 3d). At an excitation wavelength of �exc =
280 nm, the emission Xuorescence spectrum is red shifted,
to a maximum at 349 nm (Fig. 3a, continuous line). This
indicates that the tryptophan is in a polar environment par-
tially solvent-exposed. This fact would agree with the
proposed model of the 3D structure (Fig. 3d), with the Trp
exposed in a loop of the structure. In the presence of
GdmCl, the Xuorescence intensity decreased and the emis-
sion maximum wavelength was shifted (Fig. 3a, dotted
line). As shown by the chemical denaturation curve
(Fig. 3b), rP400 readily denatures as the concentration of
denaturant ranges between »2 and 3.5 M GdmCl, with a
[GdmCl]50% of 2.9 M. These results were further corrobo-
rated by the red-shift displacement in the emission
frequency maximum (Fig. 3a).

To further investigate the structural stability of rP400,
thermal denaturation was monitored through the decrease
in intrinsic Xuorescence as the temperature increased
(Fig. 3c). The Xuorescence intensity did not change in a
perfect sigmoidal fashion typical of a cooperative process,
but this fact could be due to the solvent-exposed situation
of the Trp in the protein. The thermal denaturation of rP400
was irreversible as shown in the rescanning curve. Tests
with excitation at 295 nm were performed to gain informa-
tion on the Trp and Tyr residue contributions to the Xuores-
cence spectra. Both spectra and thermal denaturation curves
at excitation wavelengths of 280 and 295 nm showed simi-
lar results, suggesting a main contribution of Trp71.

Secondary structure of P400

To conWrm whether the rP400 polypeptide from N. magadii
adopts the previously predicted shape, its secondary struc-
ture components were assessed by FTIR (Fig. 4). The broad

Fig. 1a, b PuriWcation of recombinant P400 polypeptide by elution
from zinc-imidazole reverse stained polyacrylamide gels. a 12% poly-
acrylamide SDS-PAGE of insoluble fraction of E. coli Rosetta strain
cells induced with IPTG over 3 h. b 12% polyacrylamide SDS-PAGE
of puriWed rP400 polypeptide from gel a. The band corresponding to
rP400 in gel a was excised and the protein was eluted from the gel as
described (for details see “Materials and methods”). RM (relative
mass) indicates the position of the molecular weight standards. Black
arrow indicates the band corresponding to rP400 polypeptide

Fig. 2a, b Immunodetection of recombinant P400 polypeptide
with anti-ubiquitin antibody. a Nonreducing 12% polyacrylamide
SDS-PAGE. b Western blot assay of puriWed rP400 using anti-
ubiquitin antibody (for details see “Materials and methods”). Lane 1
rP400 puriWed, lyophilized, and resolubilized in buVer containing
1.5 M KCl, lane 2 rP400 puriWed and dialized against buVer with
1.5 M KCl, lane 3 puriWed rP400 in elution buVer (30 mM Tris-50 mM
glycine). Equal amounts of proteins were loaded
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amide I� band of the IR spectrum of a protein is a conse-
quence of the C=O streching vibrations of the peptide back-
bone. The frequencies of the amide I� band components are

closely correlated to each secondary structural element in
the proteins (Barth 2007; Kong and Yu 2007). To observe
the underlying components of the broad amide I� band
of the protein, several enhancements methods were applied,
such as self-deconvolution and derivative methods, to the
original envelope (Kauppinen et al. 1981) as well as
decomposition of the amide I� infrared band. As can be
observed in the Wgure, diVerent component bands with fre-
quencies at 1,675, 1,660, 1,644, 1,628, and 1,612 cm¡1

were identiWed. They can be assigned to ß-turn, �-helix,
random coil, ß-sheet, and Tyr side chains, respectively
(Arrondo and Goni 1999). Table 1 shows the percentages
of each structural component in the polypeptide found by
Wtting (see “Materials and Methods”). It can be observed
that the 1,628 cm¡1 band, corresponding to �-sheet struc-
ture, was the main component of the broad amide I� band
(35%). �-Helix and random coil comprise about 29 and
26%, whereas ß-turns comprise about 10% of the protein.
Therefore, the main structural component of the protein is
�-sheet, followed by �-helical structures and random coils.

According to the data obtained from the X-ray crystalli-
zation of human ubiquitin [PDB (Protein Data Bank) name:
1Ubq] this protein is composed of 23% helical structures

Fig. 3a–d Analysis of recombinant P400 folding state under high salt
concentration by intrinsic Xuorescence measurements. EVect of the
denaturing agent guanidine hydrochloride on the shift of the emission
maximum wavelength and Xuorescence intensity. a Normalized Xuo-
rescence spectra of rP400 in HEPES 100 mM and 1.5 M KCl and in
5 M of GdmCl. b Changes in wavelength (right axis, Wlled squares)
and in normalized Xuorescence intensity (left axis, open squares) upon
increasing GdmCl concentration. The data were Wt by a simple sig-
moid. c Thermal denaturation followed by intrinsic Xuorescence. The

experimental trace shows the normalized changes in the Xuorescence
emission at 350 nm upon excitation at 280 nm, as the temperature is in-
creased (Wlled squares) and the normalized Xuorescence of the rescan-
ning as the temperature is decreased (open squares). d Ribbon
representation of P400 3D structure model. The tyrosine (Y) and tryp-
tophan (W) residues contained in the polypeptide are represented and
highlighted in black. The numbers indicate the position of the residue
in P400 sequence. ModiWed from Nercessian et al. (2009)

Fig. 4 Fourier transformed infrared spectroscopy of recombinant
P400 polypeptide from Natrialba magadii. Amide I� band decomposi-
tion of the spectra of rP400 protein in solution containing 1.5 M KCl.
The component bands, the original envelope, and the diVerence
between the Wtted curve and the original spectrum are shown
123
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and 34% �-sheet structures (Vijay-Kumar et al. 1987). Data
extracted from the amide I� band of the analyzed protein
demonstrate that rP400 has similar percentages of its
sequence involved in �-sheet and �-helical structures as
ubiquitin. This result is in good agreement with the compo-
sition of the �-grasp fold exhibited not only by human ubiq-
uitin but also by all the representatives of the ubiquitin
protein family. The fold is characterized by four or Wve
�-strands with a unique �-helix in the middle region of the
protein (Burroughs et al. 2007). Our previous report of
P400 shows that a homology model could be obtained from
the alignment of P400 and the well characterized human
ubiquitin (Nercessian et al. 2009). This model displays an
arrangement of the structural components along P400 simi-
lar to that described for the �-grasp proteins. As can be
seen, results obtained by FTIR empirically corroborate the
previously predicted secondary structure and 3D model as
well as its structural homology with the ubiquitin protein
family. Therefore, it could be assumed that P400 polypep-
tide has a similar structural composition to that of ubiquitin
and the �-grasp fold family of proteins.

Conclusion

In this work we present the FTIR analysis of rP400 under
native conditions that corroborates previously reported
information. According to these results, rP400 exhibits a
similar composition of �-sheets and �-helices to ubiquitin
and ubiquitin-like proteins from both prokaryotes and
eukaryotes (Iyer et al. 2006). We also show that pure rP400
can be prepared by SDS-PAGE of inclusion bodies fol-
lowed by elution from gels stained with zinc-imidazole.
This strategy led us to obtain P400 that was more pure than
that obtained by Ni2+ aYnity chromatography. Finally,
lyophilization followed by refolding of rP400 for spectro-
scopic analysis did not alter its secondary structure, which
is also supported by its reactivity with anti-ubiquitin anti-
body. In this sense, the structural stability of rP400 under
high salt concentration was corroborated by Xuorescence
measurements. Chemical as well as thermal denaturation
treatments were performed on the sample, and a decrease in

the intrinsic Xuorescence and a shift in the maximum emis-
sion frequency were observed. It can therefore be con-
cluded that the protein is in a folded state under high salt
concentration.

The �-grasp fold is highly conserved among the three
domains of life and serves as scaVold for many diVerent
biochemical processes (Burroughs et al. 2007; Iyer et al.
2006). Since P400 does not show sequence identity with
any known protein, to date no cellular role can be assigned
to it. Regardless, given that P400 displays one of the most
conserved folds in nature, we believe it could play a key
role in cell physiology. In our future work we hope to ana-
lyze the complete primary structure, folding features, cellu-
lar localization, and biological role of P400-containing
protein from N. magadii.
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