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Mass Spectrometry Defines the Stoichiometry
of Ribosomal Stalk Complexes across the
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Paola Fucini**, Eva Biegeltt, Volker Miillertt, and Carol V. Robinsont§§

The ribosomal stalk complex plays a crucial role in deliv-
ering translation factors to the catalytic site of the ribo-
some. It has a very similar architecture in all cells, al-
though the protein components in bacteria are unrelated
to those in archaea and eukaryotes. Here we used mass
spectrometry to investigate ribosomal stalk complexes
from bacteria, eukaryotes, and archaea in situ on the
ribosome. Specifically we targeted ribosomes with differ-
ent optimal growth temperatures. Our results showed that
for the mesophilic bacterial ribosomes we investigated
the stalk complexes are exclusively pentameric or entirely
heptameric in the case of thermophilic bacteria, whereas
we observed only pentameric stalk complexes in eukary-
otic species. We also found the surprising result that for
mesophilic archaea, Methanococcus vannielii, Methano-
coccus maripaludis, and Methanosarcina barkeri, both
pentameric and heptameric stoichiometries are present
simultaneously within a population of ribosomes. More-
over the ratio of pentameric to heptameric stalk com-
plexes changed during the course of cell growth. We
consider these differences in stoichiometry within ribo-
somal stalk complexes in the context of conver-
gent evolution. Molecular & Cellular Proteomics 9:
1774-1783, 2010.

Ribosomes universally translate the genetic code into pro-
teins. They consist of two asymmetric subunits between
which mRNA is decoded and amino acids are added to a
growing peptide chain. On the large subunit there is a notice-
able protrusion, observable by electron microscopy, known
as the stalk complex (also denoted as L8) (1). This complex is
involved in the binding and orientation of translation factors
and exists with variable composition throughout all three do-
mains of life. In bacteria we and others have shown previously
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that it is composed of either two or three dimers of the protein
L12 (termed L7 when N-acetylated) attached to a single copy
of the scaffolding protein L10 (2, 3). These assemblies of stalk
proteins, either L10(L7/L12), or L10(L7/L12)g, are referred to
as pentameric or heptameric stalk complexes hereafter. In
eukaryotes there is an identical arrangement for the stalk
complex but of unrelated proteins with no sequence homol-
ogy to L10/L12. In this case PO is the L10 equivalent scaf-
folding protein, and two different but related proteins (P1 and
P2) take the place of L12 (nomenclature according to Ref. 4).
In plants P3 occurs in addition to P1 and P2 (5). The P-
proteins are named after their propensity for phosphorylation
when attached to the ribosome. In yeast, but not in higher
eukaryotes, P1 and P2 have both evolved into two « and B
proteins (6). In archaea the stalk complex constituents, al-
though named L10 and L12, share sequence homology with
the P-proteins (7). L12 and its P1/P2 counterparts are the only
ribosomal proteins that have acidic pl values, do not interact
directly with rRNA, and are present in multiple copies on the
ribosome.

We have shown previously that by applying a combination
of MS and tandem MS approaches to intact MDa particles
such as ribosomes we can obtain precise information, espe-
cially regarding the overall stoichiometry and composition of
different stalk complexes (2, 8—11). This is due to the fact that
the stalk complex is readily observable in mass spectra of
intact ribosomes (Fig. 1). This is in contrast to the situation in
most crystallographic investigations where the dynamics and
heterogeneity of the stalk prevent its high resolution structure
determination. Because it dissociates readily in the mass
spectrometer as an intact, oligomeric species we can exploit
this property, and previously we have shown that for the
mesophilic bacteria Bacillus subtilis and Escherichia coli the
stalk complex is unequivocally a pentamer comprising L10
and four copies of L7/L12 (2). For ribosomes of the extreme
thermophilic bacteria Thermus thermophilus and Thermatoga
maritima we demonstrated that the stalk complex was in fact
a heptamer, rather than the anticipated pentamer, comprising
one L10 and six copies of L12 (2). This led us to speculate that
heptameric stalk complexes were likely to be present on
ribosomes from species growing at higher temperatures. Al-
though classification of the species has changed since their
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FiG. 1. Mass spectrum of intact ribosomes from T. thermophilus.
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The mass spectrum of intact ribosomes from T. Thermophilus in 1 M

ammonium acetate showing well resolved charge states for the 30 S subunit at 14,000-18,000 m/z and 70 S subunit at 25,000-28,000 m/z
is shown. The 50 S subunit lacks charge state resolution probably because of the heterogeneity associated with the partial loss of the stalk
complex, which appears as a series of well resolved charge states at 4000—-6000 m/z. Individual ribosomal proteins and tRNA are observed

at the lower m/z regions of the spectrum.

discovery, the generally accepted consensus at present
separates them into four distinct categories based on their
optimal growth temperatures (OGTs)'": thermophiles
(>55 °C), moderate thermophiles (>65 °C), extreme ther-
mophiles (>75 °C), and hyperthermophiles (>85 °C) (12).
Here we report on investigations of ribosome stalk compo-
sitions from a range of species from all three domains of life,
including examples with different OGTs. For bacteria we ex-
tended our earlier findings by including in our analysis the
thermophile Bacillus stearothermophilus (OGT 55 °C) and
compared it with the extreme thermophile Thermus aquaticus
(OGT of 70-75 °C). For eukaryotes we compared ribosomes
from three animals (brine shrimp, silkworm, and rabbit) and a
thermophilic red alga, Galdieria sulphuraria, the eukaryote
with the highest known OGT of 56 °C. Within the archaea we
targeted the mesophilic methanogens Methanococcus van-
nielii, Methanococcus maripaludis, and Methanosarcina bark-
eri with OGTs of 35, 35-40, and 37 °C, respectively. Meth-
anogens, capable of producing methane, are the most
common and widely dispersed of the archaea. M. maripaludis
is a model species among the methanogenic archaea. M.
barkeri, unlike most methanogens, which only use carbon
dioxide, is able to ferment a variety of carbon sources (13).
Surprisingly stalk complexes of different stoichiometries were
present simultaneously on ribosomes from these mesophilic
archaea. Our MS study of ribosomes isolated from M. vannielii
and M. barkeri harvested at different stages of growth showed
that the ratio of pentameric versus heptameric stalks changes
during cell growth with pentameric species being predomi-
nant at the early stages and during the lag phase and the
proportion of heptameric complexes increasing toward the
latter stages of cell growth. Overall therefore in this study we

" The abbreviation used is: OGT, optimal growth temperature.

widened our previous MS investigations into ribosomal stalk
complexes and targeted species with different OGTs within
bacterial, eukaryotic, and archaeal domains.

EXPERIMENTAL PROCEDURES

Ribosome Preparation—Bacterial ribosomes were prepared using
a protocol described previously (14) and adapted recently (15). The 50
S subunit was isolated from preparations of the 70 S by hydrophobic
interaction chromatography from sucrose gradient ultracentrifugation
as described previously (15). Artemia salina 60 S subunits were iso-
lated and purified as described (16). Ribosomes from M. barkeri were
prepared according to Ref. 17 with minor modifications. Briefly, cells
were collected at Agoq = 0.65 (lag phase), 1.07 (mid-log phase), and
1.4 (late log phase) and passed through the French press twice in
buffer A (10 mm Tris, pH 7.5, 10 mm MgCl,, 200 mm NH,CI, 6 mm
B-mercaptoethanol). After eliminating cell debris by centrifugation,
ribosomes were pelleted at 39,000 rpm in an SW 40 Ti rotor (Beckman
Coulter) for 3 h at 4 °C. After resuspension ribosomes were addition-
ally purified through a 30% sucrose cushion in buffer A by centrifu-
gation at 39,000 rpm for 18 h at 4 °C. The ribosomal pellet was
washed with buffer B (10 mm Tris, pH 7.5, 10 mm MgCl,, 50 mm NH,CI,
6 mm B-mercaptoethanol). Ribosomes were dissolved in buffer B, ali-
quoted, and stored at —80 °C. M. maripaludis ribosomes were purified
following the same procedure. Other ribosomal samples were kind gifts.
Immediately prior to mass spectrometry aliquots of ribosomes were
buffer-exchanged using Bio-Rad Bio-Spin columns into 200 mm—1 m
ammonium acetate solution at pH 7.5 and stored on ice.

Mass Spectrometry— Aliquots (~2 ul) of 1 M ammonium acetate-
buffered solutions containing 1-10 um bacterial 50 and 70 S or
eukaryotic 60 and 80 S ribosomes were introduced via nanoflow
capillaries into a Q-ToF 2 mass spectrometer (Micromass UK Ltd.)
modified for high mass operation and equipped with a nanoflow
Z-spray source (18). The following experimental parameters were
used: capillary voltage, 1.7 kV; cone gas, 100 liters/h; sample cone,
90-100 V; extractor cone, 0-10 V; collision energy, up to 200 V; ion
transfer stage pressure, 4.0 X 102 millibar; multichannel plate, 2.4
kV. In tandem MS the relevant m/z was selected in the quadrupole
and subjected to acceleration, up to 200 V, in the collision cell.

Alternatively a high mass Q-TOF-type instrument adapted for a
QSTAR XL platform (MDS Sciex) was used (19) for acquiring spectra
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FiGc. 2. Mass spectra of 70 S ribosomes from B. subtilis, T. aquaticus, and B. stearothermophilus ribosomes and tandem MS of two
pentameric stalk complexes. Mass spectra and tandem MS spectra of 70 S ribosomes from B. subtilis (A), T. aquaticus (B), and B.
stearothermophilus (C) ribosomes in 1 M ammonium acetate, pH 7.5 are shown. Conditions were optimized for observation of the stalk
complex. Individual charge states of two stalk complexes from B. subtilis and B. stearothermophilus were then isolated in the quadrupole and
accelerated in the collision cell to analyze their components (MS/MS or tandem MS) (upper panels). At m/z values lower than the isolated peak
individual, highly charged proteins are observed that have been released from the complex. At m/z values higher than the isolated charge state
peaks are assigned to complexes “stripped” of these released proteins. The schematics at the top of the figure illustrate this process: L10 is
represented in dark gray, and L12 composed of two domains connected via a flexible linker is represented in light gray. MS/MS spectra above

3000 m/z have been magnified by a factor of 5 in both cases.

of archaeal 70 S ribosomes in 200-250 mm ammonium acetate-
buffered solutions. In this instrument a flow-restricting sleeve is in-
stalled in the front part of the first quadrupole guide to increase the
pressure locally and allow collisional cooling of heavy ions. Addition-
ally in both spectrometers the low frequency extended mass range of
the second quadrupole permits the isolation of ions up to 35,000 m/z.

RESULTS

Bacterial Ribosomal Stalk Complexes Suggest Temperature-
dependent Stoichiometry—The mass spectrum recorded
from an aqueous solution of 70 S ribosomes from B. subitilis is
shown in Fig. 2A. Although not as well resolved as the spec-
trum for ribosomes from T. thermophilus (Fig. 1) in which the
70, 50, and 30 S ribosomes all showed some charge state
resolution, the peaks at ~18,000 m/z by analogy were as-
signed to the intact 50 S subunit and correspond to this
1.5-MDa particle. The peak for the 30 S subunit at ~14,000
m/z showed some resolution, allowing tentative charge state
assignments for this ~800-kDa species. At about 4000 m/z
we observed ions that are characteristic of the intact stalk
complex. We optimized conditions to resolve this feature in
the mass spectrum. lts molecular mass was determined from
the observed charge states, and from the established masses
of the component proteins we calculated the most likely over-
all stoichiometry. In this case the measured mass was con-
sistent with one copy of L10 and four copies of L12 in a
pentameric complex (see Table I).

The stoichiometry of the stalk complex was then confirmed
by isolating in the quadrupole defined m/z values that encom-
pass a single charge state of the stalk complex and applying
collision energy to induce their dissociation. This process
yielded two series of products: the individual proteins L12 and
L10 at low m/z values and the stalk complex stripped of highly
charged proteins at higher m/z values (Fig. 2A, upper panel).
Interestingly three stripped complexes were observed in this
case, two with successive losses of L12 and one in which L10
was lost. Although successive loss of L12 proteins is antici-
pated under these conditions (20), loss of L10 was a surpris-
ing observation. This implies that four copies of L12 are
sufficiently stable to maintain interactions in the gas phase in
the absence of the scaffolding protein L10. Although we think
that this complex has no significance in the function or as-
sembly of the ribosome, it may indicate electrostatic interac-
tions between dimers that are enhanced in the gas phase. The
molecular masses of the proteins that were released indicate
that the entire L10 and L12 populations lacked the N-terminal
methionine. No other posttranslational modifications were
apparent.

Overall from the mass spectrum of B. subtilis and the tan-
dem mass spectrum recorded for the stalk complex the sa-
lient features were the peaks for the 30 and 50 S subunits of
the ribosome together with the charge states for the intact
pentameric stalk complex. The important points to note are
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TABLE |

Measured and calculated masses for proteins from stalk complexes of various species together with stoichiometry defined by MS/MS
Where masses of the component proteins were not known a priori, the molecular mass of the stalk complex was calculated from the

measured masses of the constituent proteins.

Species, particle studied, optimal growth Mass of the stalk

Masses of protein

Predicted mass

temperature complex (Da) released in MS/MS (Da) (Da) Identity Stoichiometry
Bacteria
B. subtilis, 70 S, 38.8 °C 68,501.3 = 18.0 68,374 Pentamer 41
12,623.1 = 0.15 12,619 L12-Met
17,952.79 = 0.4 18,029 L10-Met
55,836.7 = 7.2 55,755 Pentamer-L12
43,204.0 = 3.4 43,136 Pentamer-2 L12
T. aquaticus, 50 S, 70-75 °C 97,658.4 = 24.2 95,883 Heptamer 6:1
12,937.1 = 0.3 12,9082 L12
18,435 = 0.5 18,509 L10
B. stearothermophilus, 70 S/50 S, 55 °C 69,481.25 = 26.4 4:1
12,835.60 = 1 12,780 L12
17,863.79 + 0.2 L10
56,441.96 = 1.4 Pentamer-L12
51,511.66 = 2 Pentamer-L10
Eukaryotes
A. salina brine shrimp, 60 S, 28 °C 80,479.25 + 9.3 Pentamer 4:1
34,309.48 = 7.9 PO
11,440.38 = 1.39 11,407 P1-Met
11,522.16 = 0.7 11,503 P2
68,737.2 = 13.3 Stalk-P1/P2
57,390.5 = 22.9 Stalk-2(P1/P2)
46,073.1 = 16.3 Stalk-P0
O. cuniculus rabbit, 60 S, 39 °C 81,115.89 + 48.3 Pentamer 4:1
34,298.25 + 1.95 34,216 PO
11,810.15 = 7.98 11,6512 P1
11,433.35 = 0.48 11,475° P2
11,510.63 = 3.72 11,525° p2¢
69,135 + 60.0 Pentamer-P1
69,604.3 = 32.7 Pentamer-P2
Galdieria sulphuraria red alga, 60 S, 56 °C 86,244 + 32.1 4:1
82,880 = 14.43 81,675 Pentamer
34,3129 = 12.7 34,763° PO
11,778.4 = 5.8 11,615¢ P1
11,902.6 = 1.7 11,835¢ P2
70,283.7 = 6.7 Pentamer-P1/P2
58,0431.5 = 61.0 Pentamer-2 P
Archaea
M. vannielii, 50 S, 35 °C 75,342.7 = 20.7 75,223 Pentamer 4:1
9,819.71 =24 9,818 L12
65,588.71 + 31 65,405 Pentamer-L12
55,729.02 = 9.9 55,587 Pentamer-2 L12
95,405.27 + 23.6 94,859 Heptamer 6:1
9,818.93 = 0.04 9,818 L12
85,359.78 = 25.53 85,041 Heptamer-L12
75,445.09 + 38.5 75,223 Heptamer-2 L12
M. barkeri, 70 S, 37 °C 80,124.39 + 18.0 80,040 Pentamer 4:1
10,677.21 = 0.41 10,677 L12
69,455.71 = 2.63 69,363 Pentamer-L12
101,650.02 = 30.7 101,394 Heptamer 6:1
90,762.69 + 18.55 90,717 Heptamer-L12
M. maripaludis, 70 S, 35-40 °C 74,814.80 = 4.99 74,785 Pentamer 41
9,74539 = 1.5 9,745 L12
65,090.93 * 6.77 65,040 Pentamer-L12
55,333.38 + 4.04 55,295 Pentamer-2 L12
95,159.52 + 15.63 94,275 Heptamer 6:1
84,603.44 + 9.93 84,530 Heptamer-L12

2 From Thermus thermophilus, a related species.
b From Mus musculus (mouse), a related species.
¢ From Cyanidioschyzon merolae, a related species.
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that although some heterogeneity often arises in the stalk
complex as a result of incomplete posttranslational modifica-
tions of the component proteins (2) this was not the case here.
Moreover only one stoichiometry of the stalk complex was
observed for ribosomes from this species corresponding to
(L12),:L10.

To investigate a possible relationship between the stoichi-
ometry of the stalk complex and the OGT of the species
suggested previously (2) we investigated ribosomes from the
extreme thermophile T. aquaticus. Comparing the mass spec-
trum of T. aquaticus with that of B. subtilis (Fig. 2, A and B) we
note that the stalk complex has higher charge state m/z
values for the thermophilic species. The molecular mass of
this species together with tandem MS experiments (not
shown) define the overall stoichiometry as (L12)4:L10. For T.
aquaticus neither L12 nor L10 sequences have been reported
in databases so consequently we assigned these proteins
based on overall DNA sequence homology to that from T.
Thermophilus (21) (see Table I). No heterogeneity was appar-
ent due to partial posttranslational modifications of either
stalk protein. The finding that ribosomes from T. aquaticus
have a heptameric stalk complex is in line with our previous
findings for the closely related extreme thermophiles T. ther-
mophilus and T. maritima (2).

Because all three of the extreme thermophiles that we
investigated have heptameric stalk complexes we reasoned
that elevated growth temperature may be associated with the
existence of stalk complexes with this stoichiometry. We
therefore investigated B. stearothermophilus, which grows at
elevated temperatures, albeit less extreme than those of the
extreme thermophiles investigated above. The mass spec-
trum recorded for 70 S ribosomes from this species showed
partially resolved charge states for the 30 S particle, broad
peaks for the 50 S particle, and in this case broad peaks also
for the intact 2.5-MDa 70 S particle at 26,000 m/z (Fig. 2C).
Isolation and activation in the collision cell of the stalk com-
plex yielded both L12 and L10. The mass of L12 was consis-
tent with the presence of N-terminal methionine in contrast to
the situation in B. subtilis. Surprisingly the stoichiometry of the
stalk complex observed for thermophilic B. stearothermophi-
lus ribosomes corresponds to (L12),:L10 rather than the hep-
tameric stoichiometry observed for the extreme thermophilic
species.

Eukaryotic Ribosomal Stalk Complexes Exist with Only One
Stoichiometry—To represent a diverse range of eukaryotes
we targeted ribosomes from the insect silkworm (Bombyx
mori), the crustacean brine shrimp (A. salina), the mammal
rabbit (Oryctolagus cuniculus), and the red alga G. sulphura-
ria, a plant. We obtained mass spectra and tandem mass
spectra of each of the large (60 S) subunits and optimized
conditions (22) for the observation of the various stalk com-
plexes (Fig. 3). For the ribosomal stalk complex from brine
shrimp (A. salina) the molecular masses of P1 and P2 proteins
are established, and both proteins were reported to be par-
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FiG. 3. Tandem mass spectra of eukaryotic ribosomes. Tandem
mass spectra of ions of the stalk complexes isolated in the quadru-
pole from 60 S subunits of eukaryotic ribosomes in 1 M ammonium
acetate, pH 7.5 are shown. The stripped complexes at m/z higher
than the isolated charge state show pentamers, in all cases, from
which one protein has dissociated (stripped pentamers). This reveals
their universal pentameric nature. At lower m/z values individual,
highly charged proteins released from the complex are observed.
Insets show the 7+ charge states of P1 and P2 with magnesium
adducts and, in the case of ribosomes from rabbit, phosphorylation of
the P1 and P2 proteins.

tially phosphorylated (23). We assigned charge state series to
P1 without the N-terminal methionine and P2 with the N-
terminal methionine in place. The 34-kDa protein was as-
signed to PO because it is associated with P1 and P2 although
its sequence has not been reported. Our data showed no
evidence of either protein being phosphorylated. There is,
however, clear evidence for charge state series in the MS/MS
spectra corresponding to the pentamer stripped of either P1
or P2 as well as loss of PO, confirming the overall pentameric
stoichiometry.

For the rabbit P-proteins, only the 40 N-terminal amino
acids of PO have been reported in databases. This sequence
is identical to that of its relatives the mouse Mus musculus
and rat Rattus norvegicus, enabling us to assign PO. P1 and
P2 were also assigned based on the masses of their rat and
mouse counterparts, and phosphorylated forms of P1 and P2
were identified based on mass differences (Fig. 3, inset, mid-
dle panel). P1 proteins dissociate with higher charge states
than P2, although they are very similar in mass and have close
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pl values, 4.28 and 4.42, respectively (based on mouse coun-
terparts). This difference in charge states might be due to a
higher degree of unfolding of P1 proteins, necessary for their
dissociation from the stalk complex. The stripped complexes
confirmed the overall stoichiometry of the rabbit stalk com-
plex as pentameric.

For the silkworm B. mori more than one entry was found for
PO and P1, and this ambiguity means that it is not possible to
assign precisely the posttranslational modifications on the
basis of intact masses we observed. However, the overall
mass of the stalk complex is only consistent with one possible
stoichiometry, that of P0:(P1/P2), (data not shown). Similarly
from mass spectra of the 60 S ribosomal subunit from G.
Sulphuraria we observed a complex of mass 82,145 Da (Fig.
3), and tandem MS of this complex gave rise to P1 and P2
peaks and at very low intensity to a third series assigned to
P0. As no amino acid sequences of G. sulphuraria ribosomal
proteins are known we based our assignment on the molecular
masses of proteins from Cyanidioschyzon merolae, a related red
alga for which the genome has been sequenced. The overall
stoichiometry was again unambiguously pentameric.

Archaeal Stalk Complexes of Different Stoichiometries Co-
exist on Ribosomes—Turning our attention to archaea we
investigated ribosomes from three mesophilic archaeal spe-
cies, M. vannielii, M. maripaludis, and M. barkeri. The 50 S
subunit of M. vannielii ibosome was remarkably well resolved
(cf. 50 S charge states in Fig. 4 with those in Fig. 2). Interest-
ingly on close inspection of the region of 3000-5000 m/z,
where typically we observed the stalk complex in mass spec-
tra of 50 S particles, we found two series of overlapping
charge states (Fig. 4, lower panel). Analysis of this region
revealed two distinct complexes of L12:L10 with stoichiome-
tries of 4:1 and 6:1. This surprising result was confirmed by
tandem MS. Individual charge states from the two series of
peaks were isolated independently, revealing losses of L12
and formation of stripped complexes containing three or five
copies of L12 attached to L10, respectively (Fig. 4, upper and
middle panels).

To investigate whether two stalk populations were present
in other mesophilic archaeal species we also studied ribo-
somes from the extreme anaerobes M. maripaludis (OGT of
35-40 °C) and M. barkeri (OGT of 37 °C). The stalk complexes
in both species were well resolved in the region of 3500-5500
m/z and could be assigned to two series of overlapping
charge states (Fig. 5, A and B, respectively) corresponding in
mass to both pentamers and heptamers. Isolation of the
individual charge states from these series in a tandem MS
experiment confirmed the presence of two populations cor-
responding to 4:1 and 6:1 L12:L10 (Fig. 5, A and B, upper
and middle panels). Our investigations of the archaeal stalk
complexes therefore showed that all three mesophilic meth-
anogens studied here have both pentameric and hep-
tameric stalk complexes simultaneously present within pop-
ulation of ribosomes.
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FiG. 4. Mass spectra of M. vannielii. Mass spectra of the 50 S
subunit of M. vannielii in 1 M ammonium acetate, pH 7.5 showing
partial resolution of the charge states of the 50 S subunit are shown.
Between m/z 4000 and 6000 (lower panel) overlapping series of
charge states are observed that correspond to two different stoichio-
metries of the stalk complex. Tandem mass spectra of isolated
charge states from the two series confirm the 6:1and 4:1 stoichiom-
etry (middle and upper panels, respectively).

Stoichiometry of Stalk Complex Changes during Growth in
Archaeal Mesophiles—We anticipated that the ratio of the two
stalk populations in archaeal species could change as a func-
tion of different stages of cell growth, analogous to the acety-
lation of L12 in E. coli (11, 24). To investigate this possibility
we purified ribosomes from both M. vannielii and M. barkeri at
different stages of cell growth. Ribosomes purified from M.
barkeri cells harvested during the lag phase revealed stalk
complexes with predominantly 4:1 L12:L10 stoichiometry
(Fig. 6, lower panel). During later stages of cell growth tandem
MS spectra confirmed the presence of stripped complexes with
a composition of 3:1 and 5:1 L12:L10 arising from the pentam-
eric and heptameric stoichiometries, respectively (Fig. 5). A
similar trend was observed for ribosomes from M. vannielii with
an initial predominance of pentameric stalk complexes and an
increase in the population of heptameric stalk complexes during
cell growth (data not shown). The overall trend for both meso-
philic archaeal species investigated here indicates that the pro-
portion of heptameric stalk complexes versus pentameric stalk
complexes increased during the progression of cell growth.

We also investigated whether different posttranslational
modifications of L12 in archaeal mesophiles could result in
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preferential formation of pentameric or heptameric stalk com-
plexes, similar to our experiments to probe the effect of acety-
lation (11). We isolated charge states from the pentameric and
heptameric complexes by tandem MS; however, no differ-
ences were observed in dissociated products. In all ribosomal
preparations no posttranslational modifications of L12 protein
were found that might have contributed to L10 binding. We
can conclude therefore that although there are three binding
sites for L12 dimers present in L10, two stalk complexes with
distinct stoichiometries accommodating two or three L12
dimers exist in the archaeal mesophiles studied here.

DISCUSSION

We have shown here that ribosomal stalk complexes from a
diverse range of species, including thermophilic and meso-
philic bacteria as well as eukaryotes and archaea, have a
closely similar composition. Small differences in posttransla-
tional modifications of stalk proteins were observed within
each domain, particularly acetylation and phosphorylation,
which we have shown previously to be important in E. coli
(11), thermophilic bacteria (2), and eukaryotes (25). The overall
stoichiometry of the stalk complexes, however, shows dis-
tinctive differences. For eukaryotic ribosomes we found ex-
clusively pentameric stalk complexes despite our investiga-
tion of ribosomes from one of the most thermophilic
eukaryotes. Those from extreme thermophilic bacterial ribo-
somes were exclusively heptameric, whereas those from me-
sophilic bacteria existed in pentameric form. Comparing the
region of the spectrum assigned to the intact stalk complex

18000 22000 2000 6000 12000 16000 20000

for B. stearothermophilus and T. thermophilus we found that
only one population of the stalk complex exists in both cases,
whereas for archaeal mesophile M. vannielii there are clearly
two (Fig. 7). Our surprising finding of the co-existence of two
populations of ribosomes with different stalk complex stoi-
chiometries for the mesophilic archaea M. vannielii prompted
us to explore the composition of the stalk complex of two
other archaeal mesophilic anaerobes, M. maripaludis and M.
barkeri. As in the case of M. vannielii, we found that two
populations of ribosomes with either two or three L12 dimers
attached to L10 exist in the stalk complexes of these species.
Moreover the ratio of pentameric and heptameric stalk com-
plexes changed during different growth stages. At the initial
stages of cell growth ribosomes with pentameric stalk com-
plexes dominated, whereas the amount of heptameric stalk
complexes attached to the ribosome increased with time.
We have previously established the stoichiometry of L12:
L10 from bacterial ribosomes and P1/P2:P0 from Saccharo-
myces cerevisiae by application of electrospray MS (2 8). By
alignment of bacterial L10 sequences we predicted that an
eight-amino acid insertion at the C terminus of L10 is suffi-
cient to accommodate binding of an extra L12 dimer (2).
Alignment of the archaeal L10 protein sequences of M. van-
nielii, M. maripaludis, and M. barkeri with that of the archaeal
hyperthermophile Pyrococcus horikoshii (26) (OGT of 98 °C)
(supplemental Fig. 1) reported during our investigations (27)
suggests that the stoichiometry of all stalk complexes would
be 6:1. On the other hand the stoichiometry of the M. vannielii
stalk complex estimated by scanning of SDS-PAGE gels
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FiG. 6. Mass spectra of archaeal stalk complexes during course
of cell growth. Expansions of the region of mass spectra of M.
barkeri ribosomal stalk complex at different stages of cell growth
showing the change in the ratio of pentameric (light gray) versus
heptameric (dark gray) species as a function of cell growth are shown.
The lower panel shows the changes in optical density as a function of
cell growth (min), and the times at which ribosomes were harvested
are indicated. Prior to introducing them into the mass spectrometer
ribosomes were exchanged into 200 mm ammonium acetate, pH 7.5.

stained with fluorescent dye is 4:1 (28). This contradiction may
be explained by our finding that not all three binding sites are
occupied, resulting in a dual stoichiometry of the stalk
complexes.

It is interesting to speculate how this dual stoichiometry
might arise. One possibility is that these two stalk complexes
could be in equilibrium, the third binding site for an L12 dimer
exchanging between a free and bound form. No such equi-
librium, however, has been observed in the mass spectra of
stalk complexes from ribosomes from other species. More-
over, it has been shown recently that the dissociation of L12
from ribosomes from T. maritima when “chased” by excess
L12 is very slow, less than 10% per hour (3). Alternatively the
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FiGc. 7. Mass spectra of ribosomal stalk complexes with either
heptameric or pentameric stoichiometry and with both present
simultaneously. M. vannielii is one of the species for which we
observed both pentameric and heptameric ribosomal stalk com-
plexes simultaneously (bottom panel). For other species strictly one
stoichiometry was observed as illustrated by stalk complexes from B.
stearothermophilus (pentamer; middle panel) and T. thermophilus
(heptamer; top panel). All complexes were buffer-exchanged into 1 m
ammonium acetate solution at pH 7.5 before introducing into the
mass spectrometer.

copy number of L12 required for full heptameric stoichiometry
may simply not be present in the archaeal species studied,
leading to an insufficiency in the number of L12 proteins to
satisfy the complete population of six copies of L12 on all
copies of L10. This proposition is supported by our finding
that the proportion of the stalk complex with three binding
sites occupied which changed during cell growth, likely re-
flecting the changes in proportion of L10 and L12 expression
levels. It is worth noting that in bacteria the genes of the stalk
proteins L10 and L12 constitute their own operon, and L10
functions as a translational autoregulator of the operon bind-
ing to its own mRNA as part of the stalk complex (29). How-
ever, in archaea the genes encoding L10 and L12 proteins are
in tandem as part of the L1 operon, and L10 does not have a
regulatory function (30). This may explain insufficient L12
expression levels. The finding that B. stearothermophilus has
an OGT of 55 °C and yet has a pentameric stalk complex
indicates that the temperature at which it becomes imperative
to have a higher stalk stoichiometry is greater than 55 °C.
Evidence that growth temperatures below 55 °C do not require
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Fic. 8. Schematic unrooted phylogenetic tree according to ar-
chaea model showing stoichiometry of ribosomal stalk com-
plexes determined by MS. A (L12),:L10 stoichiometry of the stalk
complexes is indicated in red, (L12),:L10 and (P,/P,),:P0 stoichiom-
etries are indicated in blue, and species in which both are found are
shown with both blue and red.

the heptameric stoichiometry was supplied by the most ther-
mophilic eukaryote, the unicellular red microalga G. sulphuraria,
which can represent up to 90% of the biomass in extreme
habitats such as hot sulfur springs with temperatures of up to
56 °C. Although its thermophilicity may explain the quality of the
MS data we obtained for this most thermophilic eukaryote, its
pentameric stalk complex leads us to speculate that heptamer
stoichiometry is unlikely to be found in eukaryotes.

If we consider the evolutionary consequences of our find-
ings, the fact that unrelated ribosomal stalk proteins in bac-
teria, archaea, and eukaryotes fulfill the same function in a
very similar architecture of dimers bound to a scaffold protein
(381) is a remarkable example of convergent evolution. The
observation that both stoichiometries are seen in unrelated
stalk complexes of bacteria and archaea as illustrated in the
phylogenetic tree (Fig. 8) suggests that the stoichiometry of
ribosomal stalk complexes is governed by adaptive selection
rather than any accident of phylogenetic history. Adopted
similar architecture of the stalk complex indicates that this
must be a favored solution to providing the ribosome with a
mechanism to increase the local concentration of elongation
factors in the vicinity of the peptidyltransferase center. There-
fore having six copies at very elevated temperatures must be
thermodynamically advantageous for thermophiles compared
with the favored four copies of the factor binding stalk pro-

teins for moderate temperatures. The increase in protein dy-
namics at elevated temperatures might be compensated by
the presence of the third pair of L12 dimers bringing transla-
tional factors into proximity of their binding sites on the ribo-
some. The evolutionary position of archaea descended di-
rectly from hyperthermophiles (32) may well be responsible for
the dual stoichiometry of the stalk complex. It is tempting to
speculate that at moderate temperatures it is not necessary to
utilize the third pair of L12 proteins.

More generally our results have shown that MS studies of
large biological assemblies can give functional insights and
determine the stoichiometry of subcomplexes in situ on large
macromolecular assemblies (2). By careful analysis of mass
spectra of ribosomes we were able to draw a wide variety of
conclusions, ranging from the observation of posttranslational
modifications to defining the overall stoichiometry of the stalk
complex within different populations of ribosomes. It is doubt-
ful that it would be possible to establish the coexistence of
populations of ribosomes with different stoichiometries of the
stalk complex by any other structural biology approach. Over-
all therefore we believe that this study enabled insight into the
composition and associations of subunits within ribosomal
stalk complexes from disparate biological sources with pos-
sible evolutionary implications.
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