
Structural Differences betweenSaccharomyces cereVisiae Ribosomal Stalk Proteins
P1 and P2 Support Their Functional Diversity†

J. Zurdo,‡,§ Carlos Gonza´lez,| Jesu´s M. Sanz,⊥ Manuel Rico,| M. Remacha,‡ and J. P. G. Ballesta*,‡

Centro de Biologı´a Molecular “SeVero Ochoa” (CSIC and UAM), Canto Blanco, 28049 Madrid, Spain, Instituto de Estructura
de la Materia, (CSIC), Serrano 117, 28006 Madrid, Spain, and Centro de Biologı´a Molecular y Celular,

UniVersidad Miguel Herna´ndez, Elche, 03206 Alicante, Spain

ReceiVed February 15, 2000; ReVised Manuscript ReceiVed April 19, 2000

ABSTRACT: The eukaryotic acidic P1 and P2 proteins modulate the activity of the ribosomal stalk but
playing distinct roles. The aim of this work was to analyze the structural features that are behind their
different function. A structural characterization ofSaccharomyces cereVisaie P1R and P2â proteins was
performed by circular dichroism, nuclear magnetic resonance, fluorescence spectroscopy, thermal
denaturation, and protease sensitivity. The results confirm the low structure present in both proteins but
reveal clear differences between them. P1R shows a virtually unordered secondary structure with a residual
helical content that disappears below 30°C and a clear tendency to acquire secondary structure at low pH
and in the presence of trifluoroethanol. In agreement with this higher disorder P1R has a fully solvent-
accessible tryptophan residue and, in contrast to P2â, is highly sensitive to protease degradation. An
interaction between both proteins was observed, which induces an increase in the global secondary structure
content of both proteins. Moreover, mixing of both proteins causes a shift of the P1R tryptophan 40
signal, pointing to an involvement of this region in the interaction. This evidence directly proves an
interaction between P1R and P2â before ribosome binding and suggests a functional complementation
between them. On a whole, the results provide structural support for the different functional roles played
by the proteins of the two groups showing, at the same time, that relatively small structural differences
between the two stalk acidic protein types can result in significant functional changes.

The ribosome is formed by a number of structural domains,
which can probably be assembled autonomously (1), and in
some cases have a very specific function in the translation
process. One the best characterized and functionally relevant
domains is the ribosomal stalk, a very flexible lateral
protuberance of the large ribosomal subunit of bacteria (2).
In Escherichia coli, the stalk was found to be formed by
two dimers of the acidic proteins L7/L12 (3), which form a
highly stable complex with one molecule of protein L10 (4,
5). This pentamer binds to the highly conserved GTPase-
related center in the 23S rRNA (6, 7). The stalk, on the other
hand, has been biochemically shown to play an important
role in the function of the elongation factors during protein
synthesis (8), as was recently confirmed by cryo-electron-
microscopy (9, 10)

A similar structure to the bacterial stalk is present in the
ribosome from all organisms (11). Moreover, proteins
equivalent to the bacterial L7/L12 and L10 have also been
found in all the species analyzed, including eukaryots (12),

archea (13, 14), and organelles (15). As in bacteria, the basic
functional role of the stalk in other organisms seems to be
related to the elongation factor activities (16-18). However,
the eukaryotic stalk displays a set of properties that suggest
it may have regulatory functions nor found in other systems
(12).

Not surprisingly, the eukaryotic stalk is more complex than
the bacterial one. A single bacterial acidic protein (L7
corresponds to the N-terminal blocked form of L12) has
evolved to a family of proteins formed by at least two
members which were given different names, but are now
generally called P1 and P2 (19) due to the fact that they are
found phosphorylated in the ribosome (20-23). In some
species more than one protein of each type is present (12),
and the presence of even a third acidic protein type, called
P3, was recently reported in plants (24). In Saccharomyces
cereVisiae, two forms of P1 and P2, P1R/P1â and P2R/P2â,
are present (25). The eukaryotic P1 and P2 proteins form a
complex with protein P0 and the 28S rRNA GTPase domain
which can be isolated after degradation of the ribosome with
RNAse (26). The stability of this structure is, however,
considerably lower than in bacteria, since contrary to L7/
L12, the P1/P2 proteins in the complex can exchange with
those present in a cytoplasmic pool of these proteins (20,
27, 28). In contrast, protein P0 binds more tightly to the
rRNA and is not removed in conditions under which L10
protein is easily extracted from the bacterial ribosome (29).
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Contrary to the functional irrelevancy of the presence of
two forms of acidic proteins in bacteria (30), the different
eukaryotic acidic ribosomal proteins do not have the same
function (31). The different members of the P1 and P2
families are encoded by independent genes, and although
they have a notable overall amino acid sequence similarity,
they also show substantial structural differences, especially
at the amino terminal domain (12) (Figure 1), which is the
part of the protein involved in the interaction with the
ribosome (32).

Previous results have pointed out that inactivation of the
S. cereVisiaegenes encoding both members of the same type,
either P1 or P2, resulted in the absence of any acidic protein
in the ribosome (33). These results seemed to indicate that
the presence of both protein types was required for the
formation of the stalk protein complex with protein P0. It
has been recently found, however, that the P2 proteins
accumulate free in the cells when the P1 protein gene is
deleted while the P1 proteins are degraded in the absence of
P2 (G. Nusspaumer, M. Remacha, and J. P. G.Ballesta,
unpublished results). These data indicate that while P2
proteins do seem indeed to require the presence of P1 for
ribosome binding, the reverse is not fully established. In fact,
it has been found that P1 proteins are able to bind to the
ribosome in the absence of P2 but not the other way around
(34), underscoring the important structural differences that
exist between these two protein types.

In a previous report, the structure of the acidic protein
P2â, one of the two forms of the P2 group inS. cereVisiae,
was studied using different approaches. The results indicated
important structural differences with respect to the bacterial
proteins. Contrary to L7/L12, which has a well structured
C-terminal domain (35), the eukaryotic protein lacks a stable
tertiary structure when free in solution, and it has a rather
loose structure that looks like a molten globule conformation
(36).

To further explore the structural relationship between the
different acidic protein families and to understand their
clearly different functional roles a study of yeast protein P1R
has been performed. A structural characterization of P1R as
well as its comparison with P2â has been carried out using
different biophysical methods. The results show clear
structural differences between the two proteins and provide
evidence for their interaction, which promotes an increase
in the global secondary structure of the complex.

EXPERIMENTAL PROCEDURES

Expression and Purification of the Protein. The recom-
binant yeast ribosomal acidic protein P2â was purified as
previously described (36) except that the cell lysate was
directly loaded onto a DEAE-Sepharose column, and after
elution using a 0 to 500 mMNaCl linear gradient in 20 mM
Tris-HCl, pH 7.8, protein was concentrated and loaded onto
a Sephacryl S100 column. Recombinant P1R was purified
in a similar way fromE. coli BL21(DE3)plac previously

transformed with a pT7-7 vector (37) carrying the P1R gene.
Cells were grown at 37°C in TB medium (200 mg/L
ampicillin) up to A600) 2.0, and then induced with 0.4
mM IPTG. Protein induction as well as cell harvesting and
disruption was done as previously described (36). The clear
lysate was adsorbed on DEAE-Sepharose, and protein was
then eluted using a 0 to 500 mMNaCl linear gradient in 20
mM Tris-HCl, pH 7.8. The protein, which eluted as one peak
at around 230 mM NaCl, was concentrated by Macrosep 3
kDa exclusion limit ultrafiltration tubes, loaded onto a
preequilibrated Sephacryl S100 column and eluted with 50
mM NaCl and 20 mM Tris-HCl, pH 7.8. The P1R protein
peak was again loaded onto a DEAE-Sepharose column, and
eluted employing the same gradient previously described.
The protein was finally dialyzed against water, lyophilized,
and stored at-20 °C. When necessary, buffer exchange and
concentration of protein were carried out in ultrafiltration
tubes.

Protein Analysis. Electrophoresis and isoelectrofocusing
were performed as described before (38). Electrospray mass
spectrometry measurements were made by the Peptide and
Nucleotide Laboratory, Dept. of Organic Chemistry, Uni-
versidad de Barcelona. Protein sequencing was performed
on an Applied Biosystems 473A protein sequencer in the
Protein Chemistry Service (Centro de Biologı´a Molecular
“Severo Ochoa”). Western blot and ELISA assays were
carried out using both a set of specific monoclonal antibodies
to P1R, P2â, and the C-terminal domain of all the P proteins
(39). Also a polyclonal antiserum raised against a truncated
P1R protein lacking the conserved C-terminal domain (C.
Santos and J. P. G. Ballesta, unpublished results) was used.

Identity of the Recombinant Proteins. P1R was identified
by automatic Edman degradation. The resulting sequence
S-T-E-S-A corresponds to the N-terminal of the correspond-
ing gene-encoded protein (40) but without the initiating
methionine. Contrary to the native protein (41), the recom-
binant P1R was found not N-acetylated. Moreover, electro-
spray mass spectrometry results of the protein was in
accordance with the expected molecular mass of the un-
blocked polypeptide. In all the cases both the polyclonal
antiserum against native P1R, as well as monoclonal
antibodies against the C-terminal region of the P proteins
cross-reacted with the purified polypeptide (data not shown).
The identity of protein P2â was confirmed using similar
approaches as previously reported (36).

Protein Estimation. Protein concentrations were deter-
mined from the absorbance at 280 nm using an extinction
coefficient of 6970 M-1 cm-1 in water, calculated from the
amino acid composition of the protein (42).

Circular Dichroism. Circular dichroism (CD)1 spectra were
collected on a Jasco J720 spectropolarimeter fitted with a
thermostated cell holder and interfaced with a Neslab RTE-
110 water bath. Isothermal wavelength spectra were acquired
at 25°C. Protein was initially dissolved in 20 mM potassium
phosphate, pH 7.0, and the pH adjusted as required by adding
either H3PO4 or NaOH. Additionally, 20 mM glycine, pH
2.0, was used as a buffer in some CD experiments. Far-UV

1 Abbreviations: CD, circular dichroism; NMR, nuclear magnetic
resonance; IPTG, isopropyl-â-D-thiogalactopyranoside; TFE, 2,2,2-
trifluoroethanol; [Θ], molar ellipticity; SDS-PAGE, sodium dodecyl-
sulphate polyacrylamide gel electrophoresis.

FIGURE 1: Sequence comparison between yeast P1R and P2â.
Alignments were carried out using the program FASTA.
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CD measurements were done using 40-60µg/mL of protein
in either a 1 or 2 mmpath cuvette. Near-UV CD spectra
were obtained on a 1-2 mg/mL protein solution in a 10 mm
path cuvette. Ellipticities ([Θ]) are expressed in units of
degrees squared centimeters per decimole, using the mean
residue concentration of the protein. Thermal denaturation
experiments were performed using a heating rate of 20°C
h-1 and a response time of 2 s. Thermal scans were collected
from 5 to 85°C in 2 mm cells at a protein concentration of
40-60 µg/mL. Reversibility of the thermal transitions was
checked by recording a new scan after cooling the thermally
denatured sample and comparing it with the spectra obtained
before heat denaturation.

Secondary Structure Prediction and Circular Dichroism
Analysis. Secondary structure content of both P1R and P2â
was predicted using PHD (43-45). Estimation of the amount
and type of secondary structure of both proteins from their
far-UV spectra was carried out using different deconvolution
methods: CDNN (46), K2D (47), and some of the fitting
routines included in the Dicroprot software (48) such as least-
squares fitting methods (49, 50), SELCON (self-consistent
method) (51) and VARSELECT (Variable Selection method)
(52, 53). The approximateR-helical content of the proteins
was estimated from their molar ellipticity at 220 nm ([Θ]220)
according to ref50.

Fluorescence Spectroscopy. Fluorescence experiments
were performed on a Perkin-Elmer LS-B spectrofluorimeter.
Protein concentration was 60µg/mL and buffers were the
same as in CD measurements. Tryptophane intrinsic fluo-
rescence spectra were recorded from 310 to 510 nm at a
scan speed of 100 nm/min (slit 8 nm) upon excitation at 295
nm (slit 2 nm). Blanks without protein were subtracted from
the spectra. Quenching experiments were carried out using
acrylamide previously equilibrated in the desired buffer.
Protein concentration was typically 60µg/mL whereas
acrylamide concentration varied from over 0 to 500 mM.
Quenching of the intrinsic Trp40 fluorescence of P1R by
acrylamide was analyzed according to refs54 and55. P1R
and P2â interaction experiments were carried out monitoring
P1R Trp40 emission using a constant concentration of P1R
and adding increasing amounts of P2â. Fluorescence results
were analyzed according to ref56 to obtain a binding
constant. Only P2â concentrations up to 5µM were used
for calculation purposes.

Nuclear Magnetic Resonance Spectroscopy. 1H NMR
experiments were carried out on a Bruker 600 MHz spec-
tometer. One-dimensional spectra were recorded at 25°C
(unless another temperature is indicated) with 16K data points
and using presaturation to eliminate the water signal. Data
were processed with the Bruker software UXNMR. Sample
concentration was typically 1-2 mg/mL. D2O experiments
were carried out with freshly prepared samples from protein
aliquots freeze-dried in H2O.

Proteolysis Assays. Proteinase resistance was evaluated
after incubating protein samples with Proteinase K (protein-
ase concentration was 10µg/mL in 20 mM potassium
phosphate, pH 7.0, and different concentrations of TFE) at
30 °C for 2 h. Samples were later loaded onto a 10-15%
discontinuous SDS-PAGE gel (57) to resolve undigested
fragments. Identification of the resistant fragments was made
using both N-terminal sequencing and electrospray mass
spectrometry as described above.

Chemical Cross-Linking. P1R self-association was tested
by cross-linking as reported previously (36). P1R samples
(0.5 and 1.0 mg/mL) in 20 mM phosphate buffer, pH 7.0,
were incubated in the presence of 5 mM glutaraldehyde for
10 min at 25°C. The reaction was stopped by adding 3 vol
of acetone:acetic acid (9:1) to the samples and keeping them
at -20 °C for 1 h. The precipitated protein was collected
by centrifugation at 13 000 rpm for 15 min, dried by vacuum,
and resuspended in a loading buffer. Different species were
resolved by SDS-PAGE using precasted NuPAGE(TM)
10% Bis-Tris gels (Novex, Invitrogen).

RESULTS

Structural Characterization of P1R. Far-UV CD measure-
ments were carried out to characterize the secondary structure
content of P1R in solution (Figure 2). The P1R CD spectra
show features of a virtually unordered protein with some
negative ellipticiy around 222 nm which disappears com-
pletely when high concentrations of urea are added to the
protein (data not shown). This suggests a residualR-helical
content even though the protein seems to be mainly random-
coil. Surprisingly, the far-UV CD spectrum changes dramati-
cally when the pH decreases and an increase in the secondary

FIGURE 2: Far-UV CD analysis of protein P1R. (A) Effect of
different pH values on the secondary structure content of yeast P1R.
(Insert) Ellipticity at 222 nm as a function of pH. Arrows indicate
some turbidity in the sample, probably because of pH proximity to
the pI of the protein. (B) TFE titration of P1R monitored by far-
UV CD. (Insert) Ellipticity at 222 nm as a function of TFE content.
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structure content of the polypeptide appears (Figure.2A). TFE
addition also has a pronounced effect on the far-UV P1R
CD spectrum, bringing about an almost linear increase in
theR-helix content of the protein (Figure.2B). The linearity
of the response supports the unordered structure of the protein
at physiological pH values, since no cooperative transition
is observed as could be expected from a compact polypeptide.
Therefore, a mainly random-coil conformation can be
attributed to the protein, and the contribution ofâ features
can be discarded. Nevertheless, this might not be the case at
pH values where the protein aggregates (close to its pI) or
at pH close to 2.0 (see NMR results below). Both pH and
TFE titrations were carried out at different concentrations
in the admissible range for far-UV CD without important
alterations (data not shown).

Near-UV CD spectra of P1R at a neutral pH show a
maximum centered at 280 nm (Figure 3), probably indicating
that the tryptophan 40 and/or the tyrosine 8 show optical
activity, probably due to their placement in some asym-
metrical or constrained environment. This signal does not
disappear but decreases slightly either at pH 2.0 or after
incubation in TFE. Moreover, the signal remains mainly
unaffected at 8 M urea, albeit the whole secondary structure
content of the protein is lost under these conditions.
Therefore, the near-UV CD signal exhibited by P1R seems
to be unrelated to any long distance interaction, tertiary fold
feature or the presence of any hydrophobic/aromatic core.
On the contrary, this signal is more likely to be due to some
kind of local interaction (i.e., neighboring hydrophobic
residue) that alters the symmetry of the aromatic residues,
and promotes optical activity in this spectral region.

Nuclear Magnetic Resonance.In agreement with the
previous observations, NMR studies on the intact protein
show very little signal dispersion (Figure 4) and very fast
amide exchange when protein is incubated in the presence
of deuterated water (data not shown). Nevertheless, a detailed
exchange analysis was not feasible, since both aggregation
and secondary structure changes occur at low pH values,
and no “stable” form to quench the amide exchange is known
for the protein. NMR spectra from urea denatured protein
show no dramatic differences from the native one in terms
of signal dispersion, confirming the unfolded character of

the protein. These small differences could arise from some
residual secondary structure still present in the protein (see
above). Signal broadening can also be observed at a low pH
as a possible indication of protein aggregation. Therefore,
stabilization of the secondary structure of the protein upon
oligomerization at low a pH cannot be ruled out.

Intrinsic Fluorescence and Quenching Experiments.The
intrinsic fluorescence spectrum of the tryptophan 40 (Trp40)
in P1R shows a maximum centered at 346 nm, which shifts
to the blue at acidic pH values (Figure 5). This feature could
be due to the “hiding” of this residue inside the protein or
by formation of aggregates. The enhancement of fluorescence
when high concentrations of urea are added suggests the

FIGURE 3: Near-UV CD spectra of P1R. Spectra were collected in
either 20 mM potassium phosphate, pH 7.0; or 20 mM glycine,
pH 2.0. Urea 8 M, and 30% TFE were added as indicated.

FIGURE 4: 1D-NMR spectra of P1R and effect of P2â. Experiments
were carried out with the protein under the same conditions
indicated in Figure 3. W40 indicates the position of the aromatic
NH proton of tryptophan 40. In panel B, an equimolecular mixture
of P2â and P1R (total protein concentration 0.1 mM) in 20 mM
potasium phosphate, pH 7.0, was used to evaluate the possible
interaction between both proteins and their structural effects. The
position of P1R Trp40 signal is indicated as W40. New signals
that arose in the aliphatic region after the interaction are also
indicated (*).

FIGURE 5: Intrinsic fluorescence of P1R. Effect of pH and urea
denaturation. Trp40 emission spectra were collected at pH 7.0 and
2.0 (see Figure 3) and in the presence of urea 8 M. (Insert) pH
titration. Changes in Trp40 wavelength emission were monitored
using the “mean wavelength” (∑λI/∑I, whereλ is wavelength and
I is the intensity at a given wavelength) to better detect shifts in
the fluorescence signal.
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existence of an intrinsic quencher next to the Trp residue,
which could be partially responsible for the near-UV CD
signal shown by the protein.

To explore the degree of solvent exposure of Trp40 under
different conditions quenching experiments with acrylamide
were carried out (Table 1). From these data it can be
concluded that the exposure degree shown by the Trp40 at
pH 7.0 is similar to the one exhibited at high urea concentra-
tions, and therefore indicates the absence of a hidden
aromatic core in the protein. The low quenching constants
determined for the protein at pH 2.0 support the protection
of the Trp residue at those pH values. As the shift in the
wavelength of the emission suggested (see above), this effect
could be caused either by the constraint of the Trp surround-
ings or by Trp hiding due to protein aggregation. It is
interesting to notice that maximum degree of shifting follows
a pattern similar to the one shown by the changes in the
secondary structural content of the protein (inset Figure 5,
see also Figure 3A).

Thermal Denaturation.Thermal denaturation of P1R
monitored by UV-CD was carried out under different
conditions to further characterize the structure of the protein.
P1R seems to show a slightly cooperative cold denaturation
at a neutral pH, since there is an increase in ellipticity at
200 nm together with a decrease at 222 below 30°C (Figure
6, panels A and B). These results support the existence of
some residual helical content under physiological tempera-
tures, which could be important for P1R function. It is
interesting to note that the denaturation profiles at pH 2.0
and in the presence of 30% TFE are linear (Figure 6, panels
C and D), supporting the absence of specific tertiary contacts
at any temperature, even though a secondary structure
appears in these conditions. Moreover, the very small
changes in ellipticity observed at pH 2.1 could be due to an

additional stabilization of the protein upon aggregation as
suggested previously.

P1R Self-Association.Chemical cross-linking has been
used to test the capacity of P1R to self-associate under
physiological conditions (Figure 7). At a 0.5-1.0 mg/mL
concentration, the monomeric protein is almost the only one
observed, with traces of aggregated species that could
correspond to protein dimers. Similar experiments carried
out on P2â showed a high proportion of dimers and tetramers
under comparable concentrations (36). It seems, therefore,
that P1R shows a much lower self-association propensity than
does P2â.

Structural Differences between P1R and P2â. An analysis
of the P1R and P2â sequences with the PHD program
predicts a high content inR-helix (Table 2) concentrated
mainly in the N-terminal region of both polypeptides. The
predicted secondary structure pattern is quite similar for both
proteins (Figure 8) and suggests the existence of a “struc-
tured” region of the protein expanding the main part of the
sequence followed by a less defined one (rich in “loops”).
The predicted topology agrees with the location of the
“hinge” region in P2â, established by sequence identity
comparisons with its prokaryotic counterpart L7/L12 (36).

Table 1: P1R Tryptophane Quenching by Acrylamide

sample K (M-1) V (M-1) Ksv
eff (M-1)a

pH 7.0 9.39 1.59 12.91
pH 2.0 2.35 0.90 3.85
urea 8 M 8.12 2.02 11.65

a In all the casesf a
eff was>1.

FIGURE 6: Thermal denaturation of P1R. Thermal denaturation
patterns exhibited by P1R at pH 7.0 monitored at 200 (A) and 222
nm (B); and at pH 2.1 (C) and 30% TFE (D), both monitored at
222 nm.

FIGURE 7: P1R self-association. SDS-PAGE of P1R after chemical
cross-linking in the presence of glutaraldehyde (lanes 2 and 3) as
described in Experimental Procedures. Protein in the absence of
cross-linker is included as a reference (lane 1). Two different
concentrations of P1R, 0.5 mg/mL (lane 2) and 1.0 mg/mL (lane
3), were tested. The position of the molecular weight markers is
indicated.

Table 2: P1R and P2â Secondary Structure Content Estimated from
Far-UV CD Measurementsa

P1R P2â

helix extended other helix extended other

ellipticity 220 nm 0.11 0.24
Chenc 0.10 0.05 0.87 0.25 0.13 0.62
Bolotina 0.10 0.09 0.83 0.24 0.11 0.65
SELCON nd nd nd 0.31 0.08 0.61
VARSLC nd nd nd 0.34 0.14 0.52
K2D 0.08 0.42 0.50 0.26 0.15 0.59
CDNN 0.16 0.28 0.56 0.31 0.22 0.48

PDHb 0.68 0.00 0.32 0.66 0.00 0.34
a Total secondary structure is adjusted for 1.00. Only estimations in

the interval of 1.00( 0.10 and RMSD< 0.25 were considered. RMSD
> 0.25 or sum of secondary structure values> 1.00( 0.10 appear as
nd. b PDH is a prediction based on the protein sequence, not on the
CD data.c Spectra analysis was carried out as indicated in Experimental
procedures.
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Despite this apparent similarity, the comparison of ex-
perimental data for P1R in this report and those for P2â
previously reported (36) indicate clear structural differences
between P1R and P2â that support their nonidentical
function. In this way, the far-UV spectra of both proteins
show considerable differences (Figure 9A). Thus, whereas
P2â shows a clear helical pattern, P1R resembles a random
coil. Moreover, deconvolution analysis of both spectra by
different methods indicates an average helical content of
around 28% for P2â, whereas it is only 11% for P1R. It is
interesting to note, however, that these values are far from
the one estimated by PDH (Table 2).

It must be also mentioned that some secondary structure
analysis programs indicate someâ-sheet structure content
although the spectroscopic data do not agree with the
presence of this structural element in the monomeric proteins.
It is well-known that whereas estimation ofR-helical content
from CD data is well established, other structural elements
are more difficult to identify due either to their structurally
less defined state or to the overlap of their CD spectral
components (58). However, the possibility that thisâ
contribution might be associated to interchain contacts in
the oligomers (mainly dimers) that are present at the protein
concentrations used for CD analysis (36) cannot be ruled
out.

The different sensitivity to proteolysis also reveals the
differences between both proteins. Proteinase K digestion
of both P1R and P2â was carried out in the absence and in
the presence of increasing amounts of TFE to stabilize the
secondary structure of the proteins. Electrophoresis of the
products obtained (Figure 10), clearly shows the protection
of a P2â protein fragment even at low TFE concentrations,
whereas P1R is completely degraded in all conditions tested.
Characterization of the P2â proteinase K-resistant fragment
by N-terminal sequencing and electrospray mass spectrom-
etry indicated the presence of a mixture of two peptides that

expand the first 70 and 72 residues respectively, including
the amino terminal end of the protein (Figure 1).

P1R/P2â Protein Interaction.Since there are data sug-
gesting an interaction of protein P1R and P2â inside the cell,
a direct confirmation of this possibility was sought in vitro.
Incubation of both proteins was followed by far-UV CD and
1D-NMR measurements, and spectra were compared with

FIGURE 8: Secondary structure prediction for P1R and P2â.
Prediction was performed using PDH software (see Experimental
procedures).

FIGURE 9: Effect of P1R-P2â interaction. (A) Far-UV CD of an
equimolecular mixture of P1R and P2â in 20 mM potassium
phosphate, pH 7.0, and comparison with the arithmetic addition of
spectra of both proteins in the same buffer and concentration
conditions (protein concentration was 6µM). (B) Enhancement of
the P1R Trp40 fluorescence emission upon addition of P2â.
Artifacts due to protein aggregation and fluorescence quenching
can be observed at higher P2â concentrations.

FIGURE 10: Proteinase K sensitivity of P1R and P2â. Proteins were
dissolved in 20 mM potassium phosphate, pH 7.0, in the presence
of different amounts of TFE and resolved by SDS-PAGE (see
Experimental procedures). The “Control” lanes contain the proteins
in the absence of proteinase, and the rest of the lanes contain
samples subjected to digestion at different TFE rates. Proteinase
concentration was 10µg/mL. The position of molecular weight
markers is indicated.
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those of the isolated proteins under the same conditions. The
CD spectra of the protein mixture, when compared to the
arithmetical addition of spectra from the individual proteins
indicate that some secondary structural changes take place
upon incubation of both proteins together (Figure 9A).
Protein interaction seems to increase the secondary structural
content (R-helical content) of one or both proteins.

On the other hand, NMR spectra show no major structural
differences. Signal dispersion remained very poor, preventing
any detailed study of the interaction (Figure 4). Nevertheless,
some new features can be observed upon incubation of both
proteins. The Trp40 signal from P1R shifts from its original
position in the protein alone to lower field values. Some new
signals also arise in the aliphatic region, which could be
indicative of a higher degree of structure. Therefore, P1R
Trp40 seems to be involved in the interaction between both
proteins. Furthermore, P1R Trp40 fluorescence emission is
enhanced when P2â is present (Figure 9B). Even though
fluorescence quenching and protein aggregation prevented
a detailed study of the interaction at high protein concentra-
tions, an estimated value of 0.5-0.6‚10-6 M was obtained
for the binding constant of the P1R/P2â interaction.

It is important to take note of the fact that the affinity of
both P1R and P2â to form self-oligomers is lower than that
observed for the formation of P1R-P2â hetero-complexes,
since the latter are formed at concentrations as low as
nanomolar, whereas the former appear at clearly higher
concentrations. Even P2â, which is more prone to aggrega-
tion, forms homo-dimers only at micromolar concentrations
(36), clearly indicating that its affinity to bind P1R is higher
than its affinity to bind itself.

DISCUSSION

This study clearly shows that the yeast ribosomal acidic
P1R protein is not a compact polypeptide when in solution
and is detected as a rather unfolded protein by different
experimental approaches. Similar conclusions were previ-
ously obtained in the case of another yeast stalk component,
protein P2â (36). The accumulation of experimental data
describing unstructured proteins is confirming their impor-
tance in many physiological processes as has been recently
reviewed (59). The stalk proteins seem to be a relevant case
of unfolded polypeptides. Flexibility seems to be an impor-
tant requirement for the function of the ribosomal P proteins
and enables them to interact with diverse different ribosomal
regions (60, 61). In fact, the mobility of these stalk
components in prokaryotic as well as in eukaryotic ribosomes
has been experimentally confirmed by NMR (62).

Interestingly, theR-helical content predictions for both P1R
and P2â are higher than the experimentally estimated values.
This could be due to the absence of tertiary and/or long-
range contacts, which are reported to stabilize and increase
the secondary structure content in proteins (63, 64). It is quite
possible that the secondary structure of the proteins could
be stabilized by the formation of nonlocal interactions upon
binding to the ribosome or through interactions with other
proteins (see below). The similarity in the predicted second-
ary structure content for both proteins stresses their similarity
in sequence and suggests that their final conformation, once
bound to the ribosome, could be similar.

Different Functions and Different Structural Features.
Previous experimental data indicated that, despite their close

amino acid sequence similarity, the two stalk protein types
play different roles in the ribosome function (31, 33). These
functional differences have been confirmed using an in vitro
stalk reconstitution approach (34). The results in this report
show that the different functional role could be related to
structural differences between both proteins. Even though
neither protein is folded in solution under physiological pH
and temperature conditions, P1R shows a lower secondary
structure content than P2â. Nevertheless, the high sequence
homology between both proteins and the similarity in
secondary structure predictions seem to point to some local
amino acid changes as being responsible for the observed
differences. It is important to note that P1R shows a higher
concentration of acidic residues in the N-terminal region of
the protein than its counterpart, P2â (see Figure 1). The fact
that P1R increases its secondary structure content when the
pH is lowered, whereas P2â remains unaltered under similar
conditions (36), suggests that secondary structure destabiliza-
tion by local charge repulsion of one or several acidic
residues might take place in P1R at a neutral pH. Thus, these
residues would become protonated when the pH is decreased,
and their repulsive effect would be canceled, favoring the
stabilization the secondary structure in that region. Analysis
of the secondary structure propensities of P1R by AGADIR
(65, 66) indicates that the substitution of a single acidic
residue (Asp16) by asparagine (emulating protonation at low
pH) enhances the local helical propensity of the protein. This
propensity is enhanced even more when substitution of
Asp16 by Ala is introduced (data not shown). Even though
these predictions have to be studied in more detail, they
provide a good explanation for the changes in secondary
structure content experienced by P1R at different pH values
and also for the differences in secondary structure content
between such a closely related pair of proteins P1R and P2â.

Some important differences in the thermal denaturation
profiles of both proteins also show up at physiological pH.
P2â shows a low cooperative thermal denaturation profile
when temperature is increased (36). On the contrary, P1R
displays a loss of secondary structure at temperatures below
30 °C. These findings are compatible with the existence of
some residual secondary structure in P1R at physiological
temperatures, albeit it must be quite reduced in comparison
with that one exhibited by P2â. Nevertheless, since this
residual structure is present at near physiological, it could
be important for the functional role of P1R.

The fact that P1R shows lower structuration than its P2â
counterpart may also be directly related to the physiological
regulation of both proteins. Thus, as commented on previ-
ously, while the P2 proteins can accumulate free in the yeast
cytoplasm, the P1 proteins are quickly degraded under the
same conditions, although they are protected by the presence
of P2 polypeptides (G. Nusspaumer, M. Remacha, and J. P.
G. Ballesta, unpublished results). The high resistance to
degradation of P2â in the cell is, nonetheless, quite unex-
pected considering its low structuration and its in vitro
sensitivity to proteinase K in the absence of TFE. Therefore,
the association of these proteins with other shielding
polypeptides that can affect their regulation as well as their
assembly into the ribosomal stalk is quite possible.

Protein-Protein Interaction and Possible Physiological
Implications. The available biochemical and genetic data
indicate that there must be an interaction between P1R and
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P2â in the ribosome as well as in the cytoplasm. This
interaction is supported here by the gain in secondary
structure observed upon mixing both proteins, probably due
to stabilization of helical-prone regions. Moreover, NMR data
show a shift of the P1R Trp40 signal under similar condi-
tions, suggesting that this part of the protein is directly
involved in the interaction between both proteins. Such an
interaction seems, in any case, to be associated with a local
increase inR-helix in one or both of the proteins, albeit no
major tertiary reorganization or compaction was observed,
as this would notably alter the signal dispersion in the NMR
spectrum.

Furthermore, the partial gain in structure experienced by
the complex could supply enough elements to facilitate the
activity of the P1R protein once bound to the ribosome. In
this way, whereas P1R provides a link for the binding of
P2â to the ribosome, P2â could increase P1R functionality
by inducing new structural features after their interaction.
In addition, the structural changes observed after the interac-
tion of P1R with P2â could increase P1R resistance to
proteolysis. This could provide an explanation for the higher
stability observed for P1R in vivo when P2 proteins are also
present in the cell (G. Nusspaumer, M. Remacha, and J. P.
G. Ballesta, unpublished results; ref34).

The available data indicate that the prokaryotic L7/L12
and the eukaryotic P proteins exhibit very different topologies
(67). As reported previously, only the “hinge” region shows
some degree of homology between both families of proteins,
but its location in the sequence is quite different (36). The
N-terminus domain in eukaryotic P proteins is larger than
in bacterial L12, whereas the C-terminus domain is restricted
in the former to a small peptide (12-15 residues long) with
very little structure in solution (J. Zurdo, C. Gonza´lez, M.
Rico, and J. P. G. Ballesta, unpublished results). Conse-
quently, the P proteins have no “core”, or compact carboxyl
domain, as opposed to their prokaryotic counterparts (35,
36, 68).

Nevertheless, data from prokaryotic systems can provide
valuable elements to understand the behavior of their
eukaryotic counterparts. In this way, a structural character-
ization of the prokaryotic protein L12 by X-ray diffraction
has recently shown the acquisition of a helical structure in
the hinge region upon dimerization (69). A similar process
could explain the increase in secondary structure that has
been reported upon P1R-P2â interaction. In fact, the
formation of P1R-P2â hetero-complexes, which takes place
at nanomolar concentration, involves an increase in the
helical secondary structure content of the proteins. Therefore,
a process similar to the one reported by Wahl and co-workers
for protein L12 (69) could possibly occur upon P1R-P2â
association in solution. Moreover, our results point to a
preribosomal P1R-P2â interaction as a possible mechanism
for P2â binding to the ribosome and provide a regulatory
element which would account for some physiological data.

In contrast, the divergence in helical structure content
between P1R and P2â proteins does not seem to be based
on their different self-association propensities. This can be
clearly proven for P2â. The CD spectral features of this
protein are invariable although self-association occurs and
an equilibrium exists among different species, which fluctu-
ates with the global protein concentration (36). Accordingly,
the same secondary structure content appears either when

the protein is mainly monomeric or when dimers and
tetramers accumulate in solution.

Taken together, these findings support the idea that
different ribosomal acidic proteins can be connected to
specific ribosomal activities through subtle structural differ-
ences and interactions between them. In this sense, phos-
phorylation, which is a typical feature of these proteins in
the cell, would increase the number of possible options. In
fact, it has been shown that this modification, although it
does not affect the interaction of the proteins with the
ribosome, can somehow modulate the activity of the ribo-
somal stalk (38, 70, 71).

The fact that eukaryotic cells have two different ribosomal
acidic families (P1 and P2) while prokaryotic ones have only
one, seems to suggest a specialization or distribution of
functions between both families, giving rise to a higher
complexity of regulation and, therefore, of action. This
concept seems to be supported by the data showing how two
very similar proteins can have a significantly different
behavior. Thus, it is possible that by “tuning” proteins
through minor modifications in sequence, a high range of
functional choices will appear. The question that still remains
open is to find out why some eukaryotes, like yeast, protozoa,
and plants, have several ribosomal acidic proteins of the same
type, whereas mammals can cope with only two. Perhaps
higher requirements for “metabolic” adaptability may be in
the origin of such expansion.
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