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ABSTRACT. The five ribosomal P-proteins, denoted PO-(fPR), constitute the stalk structure of the large
subunit of eukaryotic ribosomes. In the ye8siccharomyces cersiae, the group of P1 and P2 proteins

is differentiated into subgroups that form two separate PR2AB and P1B-P2A heterodimers on the

stalk. So far, structural studies on the P-proteins have not yielded any satisfactory information using
either X-ray crystallography or NMR spectroscopy, and the structures of the ribosomal stalk and its
individual constituents remain obscure. Here we outline a first, coarse-grained view of thePRBA
solution structure obtained by a combination of small-angle X-ray scattering and heteronuclear NMR
spectroscopy. The complex has an elongated shape with a length of 10 nm and a cross se@ién of

nm. 15N NMR relaxation measurements establish that roughly 30% of the residues are present in highly
flexible segments, which belong primarily to the linker region and the C-terminal part of the polypeptide
chain. Secondary structure predictions and NMR chemical shift analysis, together with previous results
from CD spectroscopy, indicate that the structured regions inwollelices. NMR relaxation data further
suggest that several helices are arranged in a nearly parallel or antiparallel topology. These results provide
the first structural comparison between eukaryotic P1 and P2 proteins and the prokaryotic L12 counterpart,
revealing considerable differences in their overall shapes, despite similar functional roles and similar
oligomeric arrangements. These results present for the first time a view of the structure of the eukaryotic
stalk constituents, which is the only domain of the eukaryotic ribosome that has escaped successful structural
characterization.

The three-dimensional (3D) structures of the ribosome, These structural studies have pinpointed several distinct
recently determined by X-ray crystallography and cryo- features of functional importance on the ribosome, including
electron microscopy (cryo-EM)have yielded a wealth of  the ribosomal stalk, which is composed of several unique
information about the mechanism of protein synthe&)s (  proteins 2—5). This protein complex is functionally con-
served in all kingdoms of life and has a central role in the
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the L10 protein in prokaryotes and constitutes the stalk base.truncated form of the P1AP2B complex (consisting of 70
PO directly interacts with the conserved sequence of 28Sresidues in P1A and 69 in P2B) was prepared as follows.
rRNA, and its rRNA binding domain is functionally inter- DNA was amplified with the aid of the polymerase chain
changeable with the corresponding domain in L18, (L9). reaction (PCR) using specific primer&P1A;_7o, 5-GAG
PO also constitutes the binding site for the two protein dimers, CCA TGG CTA CTG AAT CCG CTT TGT CTT ACG CC-
(P1—P2), (20—22), which are composed of two independent 3 and 3-GAG CTC GAG ACC AGC TGG GGC AGC
polypeptides, P1 and P23); this is in contrast to the case AGC ACC-3; AP2B,_g, 5-GAG CCA TGG CTA AAT
in prokaryotes, which contain two to three homodimers of ACT TAG CTG CTT ACT TAT TAT TG-3 and 3-GAG
protein L12 @, 10, 24). However, in lower eukaryotes such CTC GAG ACC AGT TGG AAC AGT AGC GAA CTT-
as yeast, two additional subgroups are distinguished, com-3'. PCR fragments were introduced into expression vector
prising the P1A, P1B, P2A, and P2B protei2s), while an pPET28 such that a Histag was placed at the C-terminal
additional P3 protein has been recognized in pla2s The part of the truncated proteins. All proteins were purified on
P1 and P2 proteins form biologically relevant -FA2 a Ni-CAM column (Sigma-Aldrich) under denaturing condi-
heterodimers 47—29), whereas in yeast, there are two tions according to the protocol provided by the supplier. The
specific P1A-P2B and P1B-P2A heterodimers30—32) truncated complex was assembled following the denatttring
with differentiated function33). On the basis of the primary  renaturing procedure used for the full-length PAR2B
structure, the P1 and P2 proteins can be divided into two complex @0, 40). Protein concentrations were determined
regions: the N-terminal part of approximately 70 amino acid from the absorbance at 280 nm, using an extinction coef-
residues, which mediates the interaction between the P1 andicient calculated from the amino acid composition of the
P2 proteins34), and the C-terminal part of around 40 amino full-length yeast P1A-P2B heterocomplex and the truncated
acids, in which two segments can be distinguished. The first form AP1A—AP2B, following published method42).
segment resembles the flexible hinge in the prokaryotic L12  Size-Exclusion Chromatography (SEC3EC analyses
protein, consisting almost exclusively of glycine and alanine, were performed using an kta Purifier FPLC system
while the second contains a highly conserved stretch of amino(Amersham Pharmacia Biotech), equipped with a Superose
acids (EEEAKEESDDDMGFGLFD), including one serine 12 HR 10/30 FPLC analytical gel filtration column. The
residue which can be phosphorylated in all eukaryadd®&s ( column was equilibrated with 50 mM Tris-HCI (pH 7.8) and
36). The last 13 residues of the latter segment have been150 mM NaCl and calibrated using a low-molecular weight
shown to adopt a turnlike conformation at low temperatures protein standard (Amersham Pharmacia Biotech). The flow
(37). rate was 0.25 mL/min. The protein elution profile was
The 3D structure of the P4P2 protein Comp|ex is monitored at 280 nm and analyzed using the UNICORN

unknown, and the only structural data come from biophysical version 4.0 program supplied with the FPLC system. The
characterization of the yeaSaccharomyces cerisiae P1 molecular mass was estimated as described previog@)y (
and P2 proteins. If separated from one another, P1A and Scattering Experiments and Data Processififje syn-
P2B become conformationally heterogeneous and showchrotron radiation X-ray scattering data were collected in
characteristics of “molten globulelike structure3g( 39). two sessions on the X33 camerB(44) at the European
However, they adopt a native structure upon forming the Molecular Biology Laboratory (EMBL) on storage ring
P1A—P2B heterodimer, even in the absence of other ribo- DORIS IIl of the Deutsches Elektronen Synchrotron (DESY)),
somal componentgl(). The P1A-P2B complex is regarded ~ using multiwire proportional chambers with delay line
as a key element in the formation of the pentameric stalk readout 45). The small-angle scattering patterns from the
structure from both structural and functional points of view full-length and truncated version of the heterocomplexes were
(33). Existing structural data on the eukaryotic stalk have recorded at several solute concentrations, ranging from 2 to
not provided any satisfactory information about the spatial 15 mg/mL. The sampledetector distance was 2.3 m,
organization of the stalk constituents, underscoring the fact covering the range of momentum transfey ffom 0.15 to
that this protein complex is very challenging, with respect 3.5 nnT* [s = 4 sin(f)/A, where 2 is the scattering angle

to both its preparation and behavior in solution. and4 is the X-ray wavelength (0.15 nm)]. Additionally, the

In this paper, we report the results of small-angle X-ray wide-angle scattering from the full-length dimer at a

scattering (SAXS) experiments that determine the overall cONcentration of 22 mg/mL was measured using a sample
shape of the isolated yeast PAR2B complex. NMR detector distance of 1.2 m, covering theange from 2.4 to

. ] : . .
relaxation experiments further aid in characterizing the 2-8 NNT". The data were collected in 20 successive 1 min

structural features of the dimer, even though residue-specificif@mes and lfinalyzed to \I/_erify the aEse_nce of rao;ia‘:i]on
resonance assignments were not obtained because of limited@mage. Following normalization to the intensity of the

sample stability. Together, these data provide a low- transmitted beam, the data were averaged and corrected for
resolution structural model for the P4A2B complex, which e detector response. Scattering due to the buffer was

can be described as an elongated molecule with dimensionSubtracted using PRIMUSL@: The difference curves were
of 10 nm x 2.5 nm. Our results present the very first view scaled for protein concentrations and extrapolated to infinite

of the eukaryotic ribosomal stalk constituents. dilution foIIo_wing standard procedured). For the full-
length protein, the data from two measured angular ranges
MATERIALS AND METHODS were merged to yield the composite scattering pattern.
The maximum dimensionBmay of the full-length dimer
Sample PreparationThe full-length P1A-P2B protein and its truncated form were estimated using the orthogonal
complex (consisting of 106 residues in P1A and 110 in P2B) expansion program ORTOGNOMY). The forward scat-
was prepared as described previoushp, (40, 41). The tering [I(0)] and the radius of gyratiorR{) were evaluated
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using the Guinier approximatiod9), assuming that at very NMR Spectroscopy and Data ProcessiNyIR data were
small anglesg < 1.3/Ry) the intensity is represented HS) collected on a Varian Unity Inova 600 MHz spectrometer.
= 1(0) exp[-(sR)#3]. These parameters were also computed *N R; andR; relaxation rates and heteronuclear NOEs were
from the entire scattering pattern using the indirect transform measured at 3& 0.1 °C following published protocol$5Q).
package GNOM §0), which also provides the distance TheR; experiment employed a CPMG refocusing sequence
distribution functionp(r) of the particles. The molecular (60, 61) with a repetition rate of 2222 HzR, and R,
masses of the solutes were evaluated by comparison of theelaxation data were acquired with relaxation delays of 0,
forward scattering with that from a reference solution of 60, 140, 200, 280, 420, 560, 840, and 1400 ms and 0, 20,
bovine serum albuminM, = 66 kDa). 40, 60, 80, 100, 160, 200, 260, and 300 ms, respectively.
Ab Initio Scattering Data Analysidow-resolution models  All spectra were processed using NMRPi62)( The time
of the full-length and truncated heterodimers were generateddomain data were apodized using a cosine window function
ab initio with GASBOR b1). The program represents the and zero filled in both dimensions prior to Fourier transfor-
protein by an assembly of dummy residues (DRs) and usesmation. Spectra were analyzed using Spafd).(Relaxation
simulated annealing to build inside a sphere with the diameterrates were obtained by fitting a monoexponential function
Dmax @ locally “chain-compatible” DR model that fits the to the intensity versus time profile for each cross-peak. The

experimental date,y(s) to minimize the residual: heteronucleatH—*N NOE was calculated as the ratio of
the peak heights in the experiments performed with and
1 lexe(S) — CleadS)|? without proton saturation.
XZ = Q) Analysis of Rotational Diffusiorthe rotational diffusion
N—15 0(%) properties for the P1AP2B complex were determined from

the ratio 64)
whereN is the number of experimental pointsis a scaling

factor, andl.ads) ando(s) are the calculated intensity and R 13 Jwy) )
the experimental error at the momentum transferespec- p R/ 4 J(0)
tively.

For each solute, results from at least 10 separate GASBORwhereR,' andR;' are theR; andR; relaxation rates with the
runs were averaged to determine common structural featuresigh-frequency spectral density contributions subtracted,
using DAMAVER (52) and SUPCOMB %3). The former respectively, as follows:
generates the average model of the set of automatically
superimposed structures and also specifies the most typical
model (i.e., the model exhibiting the best agreement with
all other models of the set). The program suite DAMAVER
(52) estimates the stability of the solution provided by ab YN
initio modeling programs. DAMAVER is based on the R =R,— 1-079V_|R1(1_ NOE) 4)
program SUPCOMB, which aligns two arbitrary low- or H

h!gh-resolution models by m!nimizing a normalized spatial n \which yn andyy are the gyromagnetic ratios f&iN and
discrepancy, NSDS3). All pairs of GASBOR models are 1 regpectively. Assuming that chemical exchange is
compared, and the model Wlt_h the lowest mean value of NSD negligible and that the molecule is a spherical partiple,
(the most probable model) is selected as a reference. Thejepends only on the overall rotational correlation time,
remaining models are superimposed with the reference, andyng the Larmor frequency 6fN, wy (64)
the entire assembly is remapped onto a densely packed grid.
For each knot of the grid, an occupancy factor is assigned _ 3/4 5
equal to a total overlap volume of a sphere with the diameter p= 1+ (0 Tc)2 ()
equal to the grid edge centered at this grid point with the N
beads of the entire assembly that are in the vicinity of this |, the case of a symmetric top,is given by 64)
point. The averaged model corresponding to an intercon-
nected ensemble of the most populated points is evaluated
by filtering the map to yield the volume equal to the average 3/4 (a)NrX)2
excluded volume of all reconstructions. p= 14 2 5 1)\2

Analysis of Secondary Structure Propensifiie amino (onT) \ (onT)™ + (1 + 66)
acid sequences of P1A and P2B were analyzed using multiple
secondary structure prediction tools: nnpredsdd),(PSIPRED Sir2 6 2
(55), Sspro 56), PredictProteing7), and Jnet%8). € > x {4+ 3c + S —

R/ = R1’1 - 1.249{? (1- NOE)] 3)
H

NMR Sample PreparatioNMR samples containing either 3+ 2¢ + [1 + :_Le(z — 3 sirf 0) o
uniformly 1*N-labeled P1A in complex with unlabeled P2B, 3
or °N-labeled P2B in complex with unlabeled P1A, were 4+ 1_16 + 1_62 + 263
prepared in 30 mM potassium phosphate buffer (pH 7.5) with csirtol1+ 3 18 5S4 6)

150 mM NaCl, 0.5 mM phenylmethanesulfonyl fluoride ( )+ 1+2 2
(PMSF), and 10% BD. The concentration of labeled protein ONTx ( 36)
was approximately 0.8 mM, and the sample volume was 650 wheree = (D,/Dp) — 1, Dy, is the unique principal value of
uL. Samples of the corresponding combinationABfLA; 7o the diffusion tensorDp is the value corresponding to the

and AP2B,_g9 Were also prepared. axes orthogonal to the unique principal axdsis the angle
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Ficure 1: Experimental X-ray scattering patterns of the full-length

and truncated form of PIAP2B heterodimers and scattering piure2: Ab initio models of the PLAP2B heterodimers. In each
computed from the models. Dots with error bars depict experimental panel, the full-length P1AP2B is shown at the left andP1A—

data, and solid lines are fits obtained from the ab initio models. Apop at the right: (a and c) averaged shapes and (b and d) most
The inset shows the distance distribution function computed from typical dummy residue models. The views in panels ¢ and d show
experimental data by GNOM. Curves 1 and 2 correspond to full- {he models in a and b rotated clockwise by @Bound the X-axis,
length P1A-P2B and the truncated constru&tP1A—AP2B, respectively. The models were generated by MASSE2).(

respectively.
verified by SEC analysis. The elution profile of the P1A
' P2B dimer exhibited a symmetrical peak, corresponding to
) . ) o an estimated molecular mass of around 70 kDa, as previously
Hydrodynamics CalculationsThe rotational diffusion  ronqrted 40). This value deviates significantly from the

properties of the P1AP2B complex were predicted from  aretical value of 22 kDa predicted from the primary
the average SAXS model (Figure 2a), and from the most goq,ence alone. Since the molecular mass estimated by SEC
typical SAXS model (Figure 2b), using HYDR®%). The 4epends on the shape of the analyzed molecule, molecules
average and most typical SAXS models consist of beads with iih highly anisotropic shapes elute with apparent molecular

radii of 2.5 and 1.9 A, respectively. The temperature used weights that are larger than those of spherical particles. Thus,
in the NMR relaxation experiments, 3@, and the water 6 yegylt indicates that the heterodimer has an anisotropic
viscosity at.thls temperature, 0.79_75 cP, were imposed in shape. SEC analysis of theP1A—AP2B complex showed
the calculations. The hydrodynamic parameterand D,/ a single symmetrical peak corresponding to a molecular mass
D, describing an axially symmetric ro_tatlonal diffusion o 3g kDa, again departing from the theoretical value (14
tensor, were extracted from the calculations. kDa), indicating also that the NTD has an anisotropic shape.
RESULTS Comparison of the SEC data for the full-length and truncated
complexes suggests that the latter is more compact than the

Sample Preparation-ollowing refolding and reconstitu-  former.
tion of the intact heterodimer, the overall yield was typically =~ Owverall SAXS Parameter§he scattering patterns of the
1 mg of pure P1A-P2B heterodimer per liter of growth  full-length yeast P1AP2B heterodimer and the truncated
medium. The formation of correctly folded heterodimers was form AP1A—AP2B are presented in Figure 1. The estimated
verified as described previousIg 40, 41). The low yield molecular mass of the full-length protein (232 kDa) agrees
currently prohibits expensive labeling with stable isotopes well with the value predicted from the primary sequence (22
for more sophisticated NMR experiments, using, e.g., amino kDa), and the same is observed for the truncated heterodimer
acid-specific labeling schemes. In addition, the samples suffer(experimental value of 14 2 kDa, predicted value of 14
from limited stability over extended periods of time at room kDa), demonstrating that both dimers yield monodisperse
temperature, further preventing residue-specific resonancesolutions. The distance distribution functipr) of the full-
assignments required for full structure determination of the length P1A-P2B complex (Figure 1, inset, curve 1) suggests
P1A—P2B complex. an elongated shape with a maximum diameter-6D nm

Size Exclusion Chromatography Analysis of the Full- and a cross section of2.5 nm [the latter parameter
Length and Truncated Heterodimer®/e prepared two  corresponds to a maximp(r)]. The corresponding data for
protein constructs: the full-length PA#2B heterodimer  AP1A—AP2B (Figure 1, inset, curve 2) yield the same cross
and a truncated fordP1A—AP2B, in which 40 amino acids  section but a maximum dimension 67 nm, showing that
had been deleted at the C-terminus of both the P1A and P2Bthis construct has a significantly more compact shape than
proteins. Complex formation and sample homogeneity were the full-length complex. The experimental radius of gyration

between the NH bond vector and the unique principal axis
andz, = (6Dp) L.
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P1lA:
10 20 30 40 50 60 70 80 90 100
MSTESALSYAALILADSEIEISSEKLLTLTNAANVPVENIWADIFAKALDGQNLKDLLVNFSAGAAAPAGVAGGVAGGEAGEAEAEKEEEEAKEESDDDMGFGLFD
1 ----- HHHHHHHEE - - - - EHHHHHHHHHHH- - - - - - - H- -HHHHHHHHH- - - - - HHHHHHH- - - - === == == === === == = HHHHHHHHHHHH- - - - - = == == - - -
2 - -HHHHHHHHHHHHH- - - - - - - HHHHHHHHHHH- - - - - - - - HHHHHHHH- - - -HHHHHH- - - = == == == == == — o m o= = - HHHHHHHHHHHH - - - = == == == == = =
3  -HHHHHHHHHHHHHH- - ----- HHHHHHHHHH- - - - - - - HHHHHHHHHH - - - - HHHHHHH- - = = = = == === === === = HHHHHHHHHHHHHE -HHH- - - - - === = - -
4 - -HHHHHHHHHHHH-------- HHHHHHHHHH- - - - - - - HHHHHHHHHH - - - -HHHHHH- - == === === c=ccecaeoaanx HHHHHHHHHH- - === == === === -
5 - -HHHHHHHHHHHH- - - - -- HHHHHHHHHHHH - - - - - - - - - HHHHHHHHH- - - - - - EBE------ccmmccmmaccacaaan HHHHHHHH- - === === = === == -~
6 --HHHHHHHHHHHH-------- HHHHHHHHHH- - - - - - - - HHHHHHHHH- - - -HHHHHH- - = == == == == === o m e e oo = HHHHHHHHHHH - - - == == == == = - -
P2B: 1
10 20 30 40 50 60 70 80 90 100 110
MKYLAAYLLLVQGGNAAPSAADIKAVVESVGAEVDEARINELLSSLEGKGSLEEIIAEGQKKFATVPTGGASSAAAGAAGAAAGGDAAEEEKEEEAKEESDDDMGFGLFD
1 - -HHHHHHHHH--------- H-HHEEEHH------ HHHHHHHHHHH- - - - - - HEHHHHHH----E-------- HHHHHHHHH- - - - - - HHHHHHHH---------=-----
2 -HHHHHHHHHHH- - - - - - - HHHHHHHHHH- - - - - - HHHHHHHHHHH- - - - - HHHHHHHHHHHHH - - - -HHHHHHHHHHHHHHHHHHHHHHHHHHHHH - - - - - - - - - - - - =
3 -HHHHHHHHHHH------- HHHHHHHHHH- - - - - - HHHHHHHHHHH- - - - - HHHHHHHHHHHH- - ---------~ H-HH----- HHHHHHHHHHHHHH- - - - - - - - - - - =
4 -HHHHHHHHHH-------- HHHHHHHHHH- - - - - - HHHHHHHHHHH- - - - - HHHHHHH---------=----=- HHHHHHH------- HHHHHH-HHH--------------
5 -HHHHHHHHHH-------- HHHHHHHHH- - - - - - - HHHHHHHHHHH- - - - - HHHHHHHHHHH- - ---------- HHHHHHHHH- - - - - ----c-cmmmcmc e e m e e
6 -HHHHHHHHHH-------- HHHHHHHHHH- - - - - - HHHHHHHHHHH- - - - - HHHHHHHHHHH----------- HHHHHHHHH - - - -HHHHHHHHHH- - - - === == === = =

FiGure 3: Secondary structure predictions of P1A and P2B. The following secondary structure prediction tools were used: (1) Nnpredict,
(2) PSIPRED, (3) Sspro, (4) PredictProtein, (5) Jnet, (6) summary assignment, with secondary structure indicated if predicted by at least
three of the prediction algorithms. Arrows indicate the ends of truncated falPig\ 7o and AP2B;_gq.

of AP1A—AP2B is also significantly smaller than that of 62, 74-82, and 8796. Thus, each protein is predicted to
the full-length complex: 2.1+ 0.1 and 3.2+ 0.1 nm, contain foura-helices in its N-terminal part and one (in P1A)
respectively. or two (in P2B) helices in the C-terminal part, one of which
Shape DeterminatioTo obtain more detailed information  overlaps partly with the highly conserved sequence motif
about the structure of the P1A2B complex, low-resolution ~ comprising the last 18 residues. The location of the helices
models of the full-length and truncated forms of the dimer matches well between the two proteins, suggesting a common
were reconstructed ab initio from the corresponding experi- architecture for P1A and P2B.
mental scattering patterns, as described in Materials and NMR Spectral Characteristicsthe IH—5N correlation
Methods. Reconstructions using GASBOR vyielded super- spectra of P1A and P2B reveal a large variation in cross-
imposable results with consistently good fits to the experi- peak intensity and line widths (Figure 4a,b); a subset of the
mental data, as exemplified by the most typical DR models cross-peaks has sharp and intense line shapes, but the
of the P1A-P2B andAP1A—AP2B heterodimers withy majority is severely broadened. The quality of the spectra
values of 1.35 and 0.83, respectively (Figure 1, curves 1 andindicates that the systems presented here are not amenable
2). The averaged models that represent the overall 3Dto residue-specific chemical shift assignments usiiy
structure of the analyzed dimers are depicted in Figure 2 (aedited spectroscopy. Furthermore, poor protein production
and c). The most typical ab initio models, which represent yields and limited sample stability hinder the use of more
an ensemble of dummy residues forming chain-compatible sophisticated labeling schemes. However, it is nonetheless
models of P1A-P2B andAP1A—AP2B, are presented in  possible to extract useful information about the structure of
Figure 2 (b and d). The ab initio model of P4AR2B reveals the P1A-P2B complex, based on statistical analyses of the
that the complex is elongated and slightly dumbbell-shaped. distributions of the NMR data, even in the absence of residue-
In contrast, the model cAP1A—AP2B does not display a  specific assignments. Amide proton chemical shifts show a
“waist”, which may reflect the fact that it does not include limited variation, with most shifts falling in the interval from
the highly flexible C-terminal part (see below). However, 7.3to 8.7 ppm in both P1A and P2B. The sniélichemical
the possibility that the uniform cross sectiorAR?1A—AP2B shift dispersion suggests that both proteins contain mainly
is a consequence of the lower resolution obtained\®tA— o-helical and unstructured segmeri§)( in agreement with
AP2B compared to that for PXAP2B (1.8 and 0.7 nm, the secondary structure predictions and the data from CD
respectively) cannot be ruled out. The difference in resolution spectroscopy. Parts ¢ and d of Figure 4 show'the °N
is attributed to the fact that wide-angle scattering could not correlation spectra of thAP1A—AP2B complex. Pairwise
be measured foAP1A—AP2B, because it was not possible comparisons of parts a and ¢ of Figure 4 and parts b and d
to obtain the complex at sufficiently high protein concentra- of Figure 4 reveal that the great majority of cross-peaks that
tions (cf. curves 1 and 2 of Figure 1). are sharp and intense in parts a and b are not present in parts
Secondary Structure Contei@econdary structure predic- ¢ and d, indicating that the C-terminal segments not present
tions based on the amino acid sequence suggest a high helicah AP1A—-AP2B are highly flexible in the intact proteins
content, 45% in P1A and 55% in P2B, while the probability (see further below).
for 5-strands is very low, as summarized in Figure 3. This N Spin RelaxationRelaxation rates were initially quanti-
prediction agrees well with a previous report based on CD fied for 72 >N nuclei (68%) in P1A and 107N nuclei
spectroscopy, which showed that the PAP2B complex (99%) in P2B; the different percentages reflect the difference
contains 65%a-helical structure on averagel(@). Five in spectral quality (cf. Figure 4). For a subset of cross-peaks,
o-helices are identified in P1A, comprising residuesl3, the extracted results were unrealistic (for example, some
23—32, 41-49, 54-59, and 82-92. In P2B, six helices are  peaks had NOE values greater than 1.0), indicating that the
identified, comprising residues-2.1, 20-29, 36-46, 52— evaluated cross-peaks suffered from overlap. These data were
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Ficure 4: H—1N HSQC NMR spectra of (a)®N-labeled P1A in complex with unlabeled P2B, @N-labeled P2B in complex with
unlabeled P1A, (c}°N-labeledAP1A in complex with unlabeledhP2B, and (d)*N-labeledAP2B in complex with unlabeledP1A.

excluded from further analysis, resulting in a data set suggests that at least 47 residues (43%) in P2B are located
comprising 63 (P1A) and 100 (P2B) NH vectors. in secondary structure elements. These values are lower
R; is sensitive to motions on time scales on par with, or limits, and the actual ones are most likely higher, because
shorter than, the effective correlation time for overall highly flexible residues have sharp cross-peaks, which are
rotational diffusiony.. Ry is dominated by for NH vectors easier to identify and quantify accurately than the broadened
that experience limited internal dynamics. In additiél, peaks that belong to structured residues. In the case of the
includes contributions from chemical or conformational P2B data set, which is more complete, the percentage (43%)
exchange on the micro- to millisecond time scales. Rpe  agrees reasonably well with that from the secondary structure
values range between 0.34 and 1.83 and between 0.81  predictions (55%). In both proteins, many residues are highly
and 2.01 s! for P1A and P2B, respectively. The large flexible. The large proportion of residues with a NOE of
variation between different residues reveals significant dif- <0, viz., 32 (30%) in P1A and 32 (32%) in P2B, suggests
ferences in the amplitudes and time scales of the underlyingthat the majority of the flexible residues have random coil-
molecular dynamics. SimilarlyR, varies significantly with like properties. Detailed comparisons of the spectra in parts
values between 2.1 and 44.4 and between 1.7 and 43.8 s a and c of Figure 4 reveal that 21 cross-peaks clearly
for P1A and P2B, respectively. There are no cases of specificidentified in Figure 4a are not present in Figure 4c. Twenty
residues with very large values d®, suggesting that of these cross-peaks have a NOE<d, while the remaining
conformational exchange is not a major factor in the one had an anomalous NOE and was excluded from the
relaxation of these proteins. However, this set of relaxation analysis outlined above. Similarly, 23 cross-peaks presented
experiments cannot identify moderate exchange affectingin Figure 4b are not visible in Figure 4d, and all of these
extensive regions of the protein87( 68). have NOEs of<0. Thus, at least 56% of the residues in the
The heteronuclear NOE is a sensitive reporter of intramo- C-terminal segments are highly flexible (20 of 36 residues
lecular high-frequency motions. The NOE values show a in P1A and 23 of 41 in P2B). Conversely, there are 12
significant variation betweer1.7 and 1.0 in both P1A and  residues in the N-terminal parts of both P1A and P2B with
P2B (Figure 5). The variations in NOE values indicate that NOEs of <0.
highly flexible segments coexist with well-formed secondary  Rotational Diffusion Propertiesvalues ofp were calcu-
structure elements in both proteins. NOE values greater thanlated from theR; and R, rates for the structured residues
0.5 correspond to intramolecular dynamics of limited am- with NOEs of>0.5, yielding 23 and 47 data points for P1A
plitude, typical for secondary structure eleme@) (Given and P2B, respectively (Figure 5). Figure 6 shows the resulting
this criterion, the data shown in Figure 5a imply that at least data plotted in increasing order pf As described by eq 5,
23 residues (22%) in P1A are located in well-formed thep value should be constant for a spherical complex. This
secondary structure elements. Correspondingly, Figure 5bis clearly not the case for the P#2B complex, which
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Ficure 6: Distribution of protein backbone amigevalues for (a)
P1A in complex with P2B and (b) P2B in complex with P1A. Data

o ) ) are shown only for structured residues, i.e., those with heteronuclear
Ficure 5: Distributions of protein backbone amidevalues (bars) 1H—15\ NOE values greater than 0.5.

and heteronucledH—5N NOE values (solid line), sorted according
to NOE values: (a) data for residues in P1A in complex with P2B

and (b) data for residues in P2B in complex with P1A. number of beads to represent the flexible segments. Conse-
quently, the resulting number of beads is unrealistic with
instead has a profile op values corresponding to an respect to the amount of mass that the beads represent. Thus,
anisotropic diffusion tensor, in agreement with the SAXS a largerz. and a smaller degree of anisotropy are expected
data presented above. Given that the complex is a symmetridrom theoretical calculations performed on ab initio SAXS
top, a minimum value for the anisotropy can be calculated models, compared with those derived from relaxation experi-
using eq 6 by assuming that the lowest and highest valuesments. Considering these issues, the results ffShh
of p correspond to NH vectors that are oriented parallel ( relaxation and SAXS are in reasonable agreement.
= 0°) and perpendicular6( = 90°), respectively, to the The most common value qf for an axially symmetric
principal axis of the rotational diffusion tensor. The data molecule with a random distribution of NH bond vector
presented here for the P1A2B complex yield a minimum  orientations corresponds to the plane associatedDvithe.,
anisotropy D,/Dp) of 5.6 and a minimunDg value of 8.6 6 = 90°. This is also the orientation that gives the largest
x 1P s71, corresponding to a; of 19 ns and &), of 3.5 ns, value ofp. Figure 6 shows that the distribution obtained for
which results in an effective correlation timeg of 7.6 ns. the P1A-P2B complex reflects the opposite scenario, where
Considering that some 30% of the complex consists of small values ofp are favored, indicating that the most
unstructured residues, this value agrees reasonably well withcommon orientation of the NH bond vectors is close to the
the 7. of 13 ns expected for a spherical top with the same unique principal axis associated with. 6 can be estimated
molecular mass as the P1A&R2B complex {0, 71). Trim- for each residue from its value pfand the global anisotropy
ming of the data to exclude the highgsvalue yieldsD,/ parameter®, and Dy presented above. Figure 7 shows a
Dp of 4.1 and ar. of 9.5 ns. Hydrodynamics calculations histogram of the number of residues with a given value of
based on the most typical ab initio SAXS model from 6. In the structured parts of P1A and P2B, 16 NH bond
GASBOR (Figure 2b) yield an anisotrof/Dy of 3.6 and vectors (of 22) and 33 (of 47), respectively, havangles
an effective correlation timerg) of 14.4 ns. For comparison,  of <30°, with the majority having an angle between 20
calculations based on the average SAXS model (Figure 2a)and 30 (13 in P1A and 30 in P2B). l-helices, the angle
result in a smalleD, /Dy of 2.5 and a significantly larger. between an NH bond vector and the helix axis is ap-
of 23 ns. Discrepancies between hydrodynamic propertiesproximately 13. Thus, our results imply that most residues
predicted from SAXS anéfN relaxation are expected in this in the structured regions of P1A and P2B are located in
case, because ab initio shape determination using SAXS datdelices that are close to parallel to the unique axis of the
from partly flexible systems requires an artificially large overall diffusion tensor. According to the secondary structure
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Frequency differences. The L12 N-terminal domain (NTD) dimer
50 comprises roughly 35 residues from each polypeptide, which
45 are arranged as two antiparallethairpins, resulting in a
40 symmetrical four-helix bundle with a globular shape and a
35 maximum diameter of~2.4 nm ({2). In contrast, the
30 N-terminal dimer represented by thé&1A—AP2B construct
25 contains approximately twice the number of residues,
20 hypothetically arranged into eight-helices, as predicted
151 from the secondary structure propensities and generally
10 supported by the NMR data. The NMR relaxation data reveal
5] that at least 22% of the residues in P1A and 43% in P2B
| — - are located in well-formed secondary structure elements,
01 s otiis 200 S@OA IS |50 Hil 60T [0V [INBON | 120 which most likely areo-helices as gauged from NMR
Angle (6) chemical shifts and secondary structure predictions. Given
FIGURE 7: Histogram of the calculatel angles between thigd— that the average length of the predictaechelices is 10

N amide bond vectors and the unique principal axis of the residues, these results suggest that P1A and P2B contain at

rotational diffusion tensor. Data for P1A and P2B are shown as least two and four well-structured helices, respectively
black and gray bars, respectively. The angles were calculated using ’ )

eq 6, assuming that the largest and smallest valupsofrespond Again, we emphasize that_ the;e numbers represent lower
to 6 values of 96 and O, respectively. Data are included only for bounds. TheAP1A—AP2B dimer is more elongated than the
those residues that have NOEs>00.5. NTD dimer of L12, with a significantly larger maximum
o ) ) diameter (7 nm vs 2.4 nm), demonstrating that there is no
prediction, each of the-helices in the PLAP2B complex  direct correspondence in the overall shape between the NTD
is approximately 10 residues long. Together with the dimers of the P1 and P2 proteins and L12. The size
relaxation data, this suggests that at least two helices in P1Adiscrepancy between the NTD P4R2B dimers and L12
and three helices in P2B are or'ient.ed along the long axis ofjs underscored by the fact that the interface between L10
the molecular shape depicted in Figure 2A. and the NTD dimer of L12 comprises only 10 amino acids
of L10 (10), whereas 30 amino acids of PO are involved in
DISCUSSION anchoring the NTD dimer of the P1 and P2 proteins to PO
In this study, we have outlined the structure of the yeast (22).
P1A—P2B heterodimer, using SAXS and NMR, thereby = However, the rotational diffusion analysis of the NMR
providing the very first structural insight into the eukaryotic relaxation data suggests that at least five helices in theP1A
ribosomal stalk components. The eukaryotic stalk is the only P2B complex are oriented with their axes close to parallel
remaining ribosomal element that has not been structurallyto the long axis of the dimer (Figure 7). This result may
characterized at low and high resolution. Despite much effort indicate that helical bundles also occur in the PIH2B
in the past, crystals suitable for X-ray diffraction have not NTD dimer, just as in L12. The current results are thus
been obtained. In addition, structural studies are hamperedcompatible with a model for the PZAP2B NTD dimer that
because the preparation of the protein complex is very involves a sequential arrangement of two four-helix bundles,
demanding and results in very low yields, which effectively although several other models are also conceivable. It seems
limits the production of isotope-enriched protein samples for possible that extensive domain swapping may take place
detailed NMR studies. What is more, the resulting samples between the NTDs of the two proteins, because dimer
have limited stability at room temperature, further impeding formation in vitro is achieved only after a sequential
full structure determination of the yeast complex by NMR denaturatior-renaturation process of P1A and PZ3®),(40).
spectroscopy. At this stage, it is not possible to conclude whether the
Results from SAXS and NMR relaxation independently arrangement of P1A and P2B in the dimer is parallel or
indicate that the complex has an elongated shape. The SAXSantiparallel.
analysis shows that the P1A2B dimer has a maximum The NMR data further demonstrate that approximately
diameter of~10 nm and a cross section e2.5 nm, while 30% of the residues in the PA2B complex (20 and 23
AP1A—AP2B has the same cross section as the intactin the C-terminal segment of P1A and P2B, respectively,
complex but a shorter maximum length of7 nm. The and 12 in each N-terminal segment) are located in largely
C-terminal segments that are absenAiR1A—AP2B may unstructured segments with NOEs-©0. The former group
be located at both apexes of the model describing the full- represents 56% of the total number of residues in the
length dimer, but a parallel arrangement cannot be excludedC-terminal segments, demonstrating that this polypeptide
(Figure 2). This is in agreement with the NMR relaxation fragment contains a highly flexible region. However, the
data, which demonstrate that at least 50% of the residues inavailable NMR data are also consistent with the presence of
the C-terminal segments (including part of the hinge regions) structured elements in the C-terminal segments, as predicted
of P1A—P2B are highly flexible. On the basis of these from the secondary structure propensities. Indeed, previous
observations, we speculate that the movement of the C-work indicates that the 13 C-terminal amino acids have a
terminal segments relative to the central NTD dimer makes preference for a turnlike conformation at low temperatures
them appear to have wider cross sections than the central37). In addition to the highly flexible residues (NOE0),
portions, which is evident from Figure 2. there 7 (in P1A) and 20 (in P2B) additional residues with
Comparing the model of P1AP2B presented here with NOEs between 0 and 0.5, which implies that these also are
the 3D structure of bacterial L12, we can notice significant located outside of well-formed secondary structure elements.
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The consensus secondary structure propensities (Figure 3REFERENCES

predict that intervening segments of four to eight residues
are present between the helices in the NTD, yielding around
20 residues connecting the helices in total for P1A and P2B.
Residues located in loops between secondary structure

elements are often exposed and exhibit higher degrees of 5

flexibility than those in helices/@). Thus, the experimentally
determined number of residues outside of well-formed

the secondary structure predictions in the case of P2B, for
which the experimental data are almost complete.

The C-terminal segment constitutes the functional part of
both L12 and P1AP2B. The C-terminal domain (CTD) of
L12 (residues 53120;E. colinumbering) adopts a compact
globular a/g fold (72, 74, 75). In contrast, the highly
conserved C-terminal region of the P-proteins comprises only
some 20 residuedl) and does not appear to form a compact
domain, although the first half of this region has a propensity
to form ana-helix (Figure 3) and the second half folds into
a turnlike conformation at low temperature®7). In this
context, it is worth noting that the dominant interactions

between L12 and translation factors involve a conserved 1g.

region of ana-helix (76, 77), possibly suggesting that the
corresponding feature has been preserved in eukaryotes but
occurs in a different structural context.

In prokaryotes, the CTD is connected to the NTD through  11-

a disordered hinge region (residues-32) (78, 79), which

is an indispensable element of the stalk activB@)( The
hinge region has a high proportion of hydrophobic residues
(viz., valine and alanine) with high helix propensities,
suggesting that the observed disorder may reflect rapid
interconversion between helix and coil conformationg, (

75, 81). In eukaryotes, a similar stretch of valine, alanine,
and glycine residues is present, but it is located closer to the
C-terminal end of the polypeptide; in yeast, its location is
between residues 65 and 85. The hinge region in eukaryotes
is also expected to be flexible, as inferred from the sequence
homology to its prokaryotic counterpart and further supported
by the NMR data. However, in P2B, but not in P1A, the
hinge region may have a high propensity for helix formation
(Figure 3).

In summary, these results reveal that the P1 and P2
proteins and the prokaryotic L12, despite similar functional
roles and similar oligomeric arrangements, differ consider-
ably in their overall shapes. Nonetheless, the two proteins
share certain common structural features; both proteins
include a highly flexible hinge segment between the NTD
and CTD, and the P1AP2B NTD apparently consists of
helical bundles, just as the NTD of L12. However, the
eukaryotic NTD dimer is considerably more elongated and
apparently includes twice as mamyhelices as the NTD
dimer of L12. Furthermore, the C-terminal region of P1A
P2B is very different from the CTD of L12. From the
available structural information, it appears that the common
biological function was preserved in few structural elements
and is based on the following features: the NTD dimer
anchors the protein to the ribosome, and the flexible hinge
gives the CTD the orientational freedom to contact factor
binding sites on the ribosome and to aid in catalyzing GTP
hydrolysis by the translational G-proteins.
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