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Abstract

The ribosomal stalk complex binds and recruits translation factors to the ribosome during protein

biosynthesis. In Escherichia coli the stalk is composed of protein L10 and four copies of L7/L12.

Despite the crucial role of the stalk, mechanistic details of L7/L12 subunit exchange are not

established. By incubating isotopically labeled intact ribosomes with their unlabeled counterparts

we monitored the exchange of the labile stalk proteins by recording mass spectra as a function of

time. Based on kinetic analysis we proposed a mechanism whereby exchange proceeds via L7/L12

monomers and dimers. We also compared exchange of L7/L12 from free ribosomes with

exchange from ribosomes in complex with elongation factor G (EF–G), trapped in the

posttranslocational state by fusidic acid. Results showed that binding of EF–G reduces the L7/L12

exchange reaction of monomers by ~27% and of dimers by ~47% compared with exchange from

free ribosomes. This is consistent with a model in which binding of EF–G does not modify

interactions between the L7/L12 monomers but rather one of the four monomers, and as a result

one of the two dimers, become anchored to the ribosome-EF–G complex preventing their free

exchange. Overall therefore our results not only provide mechanistic insight into the exchange of

L7/L12 monomers and dimers and the effects of EF–G binding but also have implications for

modulating stability in response to environmental and functional stimuli within the cell.

Protein biosynthesis is carried out by the ribosomal machinery and requires interaction of

several translation factors with the ribosomal stalk complex. In bacteria the base of the stalk

region, interacting with the rRNA of the 50S large ribosomal subunit, is composed of

adjacent proteins L11 and L10 (1). The C-terminal domain (CTD) of L10 is a long and

mobile helix which interacts with two dimers of protein L12 (2). Three pairs of L12 are

observed in thermophilic bacteria and archaea (3-6) and L12 is the only protein present as

multiple copies on the ribosome. The N-terminal domain (NTD) of L12 is responsible for

dimerization and for anchoring of the protein to the ribosome (7). In Escherichia coli (E.
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coli), L12 is partially N-acetylated to form protein L7 (8). The ratio of L7 to L12 is known

to change throughout the growth phase (8-10) and has been linked to variation in the

stability of the stalk complex via hydrogen exchange mass spectrometry (MS) experiments

(11). L12 CTD and NTD are connected via a flexible hinge region providing mobility to the

highly structured CTD (12, 13). These highly mobile proteins have eluded high resolution

X-ray analysis for many years. Only recently the atomic structure of a truncated stalk

complex of a thermophilic bacterium revealed the binding mode of the NTD of L12 proteins

to L10 (4). The tight antiparallel binding of the L12 NTDs is similar to that observed by

NMR for the E. coli L7/L12 dimer in solution (14). The mobility and dynamics of the stalk

proteins have been linked to their ability to bind to several translation factors, trapping them

in distinct conformational states for catalysis of essential steps of the translation process

(15).

Intrinsic flexibility is coupled with rapid subunit exchange of E. coli L7/L12 in the free

dimeric L7/L12 complex, occurring in vitro in a matter of seconds (16). By contrast the L10-

L7/L12 interactions in the stalk complex have been shown to be remarkably stable once

formed (17). There is evidence from a fluorescence assay that in vitro ribosome-bound E.

coli L7/L12 proteins are exchanged with a pool of free L7/L12 proteins, albeit on a

relatively slow timescale (4). This is of interest since the process of assembly and

disassembly of the stalk proteins during translation has been proposed to modulate

ribosomal activity in yeast (18, 19). The mechanistic details of the process of exchange

however, are not yet established in any species. Since L7/L12 dimer formation is suggested

to be the first step in the stalk assembly process (20, 21) it is possible that these proteins

could exchange solely via dimers. Moreover as L7/L12 proteins are involved in translation

factor recruitment, their exchange is likely affected by binding of translation factors to the

stalk (22).

Considerable insight into the interaction of stalk proteins with translation factors has arisen

from recent atomic resolution images of the ribosome where labile binding is trapped using

antibiotics (23, 24). Among others, fusidic acid can be used to trap the ribosome in the

posttranslocational state. Fusidic acid binds to elongation factor G (EF–G) on the ribosome,

allows translocation and GTP cleavage but prevents the release of EF–G from the ribosome

(25, 26). A recent X-ray structure of EF–G bound to the ribosome in the posttranslocational

state demonstrates large scale movements in response to EF–G binding and reveals that a

copy of an L12 CTD makes contact with EF–G (24), as suggested by previous cryo-electron

microscopy data (27). The effects of this L12 CTD-EF–G interaction on the process of

subunit exchange are currently unknown.

We have shown previously that intact ribosomes and their subunits can be observed by MS

(3, 6, 28, 29), and that the intact stalk complex dissociates from the large subunit while

retaining its non-covalent interactions (3, 6, 11). This allows us to study the composition of

the stalk, without prior separation in solution, within the context of the intact ribosome.

Using ribosomes with natural abundance isotopes and ribosomes uniformly labeled with 13C

and 15N isotopes we can follow in real-time formation of heterogeneous assemblies,

containing both unlabeled and isotopically labeled proteins, due to the exchange of labile

proteins between ribosomes. This strategy enables us to determine the composition of the
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complexes quantitatively and to deduce the kinetics of the exchange process. Here we first

establish exchange kinetics in free ribosomes and use modeling to distinguish between the

various exchange scenarios. We extend this to study ribosomes in complex with EF–G,

inhibited in the posttranslocational state with fusidic acid. The results show that the E. coli

L7/L12 exchange approaches equilibrium after a period of ~6h. We also find that the stalk

complex can exchange both monomeric and dimeric L7/L12 proteins. Translation factor

binding slows the exchange, through deactivating the dissociation of EF–G bound L7/L12

monomer as well as trapping the dimer that includes the EF–G bound monomer. We discuss

the implications of this study on the structure of the stalk complex and its role in modulating

ribosomal stability and interactions.

RESULTS AND DISCUSSION

Isotopically labeled ribosomes maintain interactions

The dynamics of the L7/L12 proteins were investigated using an MS strategy that has

proven successful to elucidate the subunit exchange dynamics of other protein complexes

(30-33). Specifically, ribosomes are uniformly labeled with stable isotopes (13C and 15N) to

provide sufficient mass differences to resolve heterocomplexes formed with wild-type

ribosomes. After mixing [12C,14N] wild-type ribosomes (l-) with [13C,15N]-labeled

ribosomes (h-) hetero stalk complexes will form of the composition [l/hL10(lL7/L12)x(hL7/

L12)y] where x+y = 4. To confirm that isotopic labeling method does not affect the subunit

interactions within the ribosome we first recorded mass spectra of h-ribosomes. We found

that the spectra are closely similar to those of unlabeled E. coli ribosomes with all proteins

shifted to higher m/z values, consistent with >99 % incorporation of isotopic label

(Supplementary Figure S1 and Table S1). We conclude that protein interactions within the

stalk pentamer [hL10(L7/L12)4] and hexamer [hL11·L10(L7/L12)4] are unaffected by the

labeling process.

To maintain the integrity of the 70S particles, a high [Mg2+] is required together with a low

ionic strength (28, 34). From solutions containing 5 mM Mg2+, mass spectra confirm the

presence of the intact 70S assembly (Figure 1, panel A) (28). At higher collision energy,

from the same Mg2+ solution, charge states from the 30S and 50S subunits are partially

resolved, enabling mass measurement (Figure 1, panel B, Supplementary Table S1). The

molecular mass of the 30S subunit corresponds to loss of S1 and S6, as observed previously

(35), while the two 50S subunit complexes are consistent with collision-induced dissociation

(CID) of the hexameric stalk [L11·L10(L7/L12)4], and of four copies of L7/L12. The low

m/z region is dominated by the stalk proteins (L10, L7/L12) and complexes thereof. This

spectrum therefore confirms the presence of the stalk on the intact 70S and highlights a

means of studying the intact stalk complex within the context of the intact ribosome.

To determine the dynamics of the L7/L12 proteins, an equimolar solution of l- and h-

ribosomes was monitored at 37°C and pH 7.0. Aliquots of the solution were withdrawn and

reduction of the [Mg2+] was carried out immediately prior to analysis. This procedure allows

the dissociation of proteins via CID, and yet preserves solution-phase interactions during the

exchange reaction. The spectrum recorded at t=0 for an equimolar mixture of l and h-

ribosomes reveals well-resolved charge state assigned to individual l- and h-stalk proteins
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(Figure 1 inset, Supplementary Table S1). At ~4000 m/z the most intense series is assigned

to the l- and h [L10(L7/L12)4] pentameric stalk complexes. We applied tandem MS to

investigate the composition of these intact pentameric stalk complexes (Supplementary

Figure S2). Observation of both labeled and unlabeled proteins during CID led us to

conclude that the peaks from the pentamers overlap. Although their masses differ, their m/z

values are coincident. In the light of this result we reasoned that if the homopentamers

overlapped, incorporation of labeled and unlabeled proteins into the ribosome would yield

populations of heteropentamers between the homopentamers. We examined the 17+ charge

state assigned to the pentamer [L10(L7/L12)4] as a function of incubation time at 37°C

(Supplementary Figure S3A). After 1h new peaks are observed corresponding to l- and h-

heterostalk complexes. Their intensity increases until equilibrium is approached after ~6h.

This exchange reaction results in twelve possible compositions of the pentameric stalk with

unique masses. The dominant peaks arise from the overlap of several products

(Supplementary Table S2). Because of this overlap it is not possible to quantify the various

populations.

Gas-phase dissociation of the [L10(L7/L12)4] stalk complex is effected under activating MS

conditions (36) to reduce spectral complexity (Supplementary Figure S4). This procedure

allows resolution of different populations of stripped complexes at higher m/z values than

the stalk complex. The most prominent stripped complex [L10(L7/L12)3], formed in the gas

phase, arises from loss of an individual L7/L12 protein (Supplementary Figure S3B). Peaks

corresponding to these stripped complexes are more readily assigned than those recorded

without activation (Supplementary Figure S3A). All the peaks between the two

homocomplexes, however, can be assigned to at least two different species containing l- or

hL10 with different numbers of l- and hL7/L12 subunits (Supplementary Table S2). We

therefore considered a further series of charge states assigned to the loss of protein L10 in

the gas phase. This CID process results in the formation of a gas phase complex consisting

of the four L7/L12 subunits (Figure 2, panel A). While this assembly has no significance

from a structural point of view, since it does not exist in solution, our ability to remove L10

from the stalk complex enables us to assign all the (L7/L12)4 peaks to unique compositions

(Supplementary Table S2). As such we can follow the exchange process by assigning the

new peaks that are observed between the homo-(L7/L12)4 peaks (Figure 2, panel A). The

spectrum acquired after 8h shows the statistical distribution of the 5 tetramers with the

central peak corresponding to ribosomes with 2:2 (l:h) L7/L12 stoichiometry predominating.

The observation of 3:1 and 1:3 (l:h) compositions however implies that exchange cannot

proceed solely via dimers.

Kinetic analysis reveals mechanisms of L7/L12 subunit exchange

To investigate possible mechanisms of subunit exchange occurring on the intact 70S

ribosome we plotted the intensity of the various homo- and hetero-(L7/L12)4 complexes as a

function of time. We then computed average values for the 4:0 (l:h) and 0:4 (l:h)

homocomplexes and 3:1 (l:h) and 1:3 (l:h) heterocomplexes. We considered three different

models for our simulation (Figure 2, full details of the modeling are given in the

Supplementary Information). First, the stalk complex was allowed to exchange via

monomers only (Model A). The second model considers generation of a stable dimeric
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intermediate which is competent to either reassociate into the stalk complex, or to exchange

monomeric L7/L12 subunits followed by subsequent reassembly into the stalk (Model B).

The final model considers subunit exchange via dimer and monomer intermediates without

interconversion between dimers (Model C). For each model, 10,000 sets of values of

kdiss,mon and kdiss,dim were considered. The values that minimize the root mean square

deviation (RMSD) between the simulation and the experimental data were used to determine

the model which had the best fit (Supplementary Figure S5 and Table S3). From this best fit

we then extracted rate constants for dissociative events experienced by the stalk complex.

For model A, which considered only the dissociation of monomeric L7/L12, we varied the

rate constant kdiss,mon, setting the dimer dissociation rate constant kdiss,dim to zero. This

model agrees well with the ratio of L7/L12 tetramers at equilibrium but is unable to account

for the experimental finding that the rate of formation of the 2:2 complex is faster than that

of the 3:1 and 1:3 at the early stage of the reaction (Figure 2, panel B). For model B,

exchange of the two independent dimers, followed by monomeric exchange of the

dissociated dimer, can be modeled to fit the data. However the RMSD is relatively large in

this case (Supplementary Figure S5 and Table S3). For model C, which allows exchange of

both monomers and dimers between tetramers, much closer agreement with the

experimental data is achieved (Figure 2, panel C, Supplementary Figure S5 and Table S3).

From this fit, we extract two rate constants for kdiss,mon and kdiss,dim which are 0.0081 min−1

and 0.0070 min−1 respectively. They indicate that the exchange via monomer and dimer

occurs at similar rates. The two dissociation events can be summed to provide the overall

rate of disappearance of the homostalk complexes of 0.015 min−1.

Binding of EF–G reduces L7/L12 subunit exchange

The influence of EF–G binding on L7/L12 subunit exchange was determined by incubating

ribosomes with 6 equivalents of the translation factor and an excess of fusidic acid and GTP.

These conditions trap the ribosome-EF–G complex in the posttranslocational state (25, 26).

We added EF–G, GTP and fusidic acid to a solution containing equimolar quantities of l-

and h-ribosomes. As demonstrated previously (37), the MS spectrum of ribosome-EF–G

complex is largely indistinguishable from spectra recorded for native ribosome save for the

additional peaks assigned to EF–G (Figure 3, panel A). We also prepared a control

experiment, containing ribosomes, GTP and fusidic acid, but in the absence of EF–G. This

was examined in parallel using identical MS and solution conditions. Comparing the MS of

the control and EF–G complex peaks assigned to heterocomplexes confirm exchange of

L7/L12 subunits has taken place (Figure 3, panels B and C, Supplementary Figure S6). The

control experiment established that the presence of excess fusidic acid and GTP did not

affect subunit exchange, which was found to be closely similar to that observed for free

ribosomes. By contrast, in the presence of EF–G after 3 h of exchange, heterospecies are

less intense than in the control. This result clearly indicates that for the ribosome-EF–G

complex, exchange of L7/L12 is significantly slower.

We measured the normalized intensity of each (L7/L12)4 species for both reactions and

applied the hybrid model C (Figure 2). For the control reaction (Figure 4, panel A), we

extract rate constants via monomers (kdiss,mon = 0.0071 min−1) and via two independent
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dimers (kdiss,dim = 0.0057 min−1) with an overall rate of disappearance of the homostalk of

0.013 min−1. These rate constants display a slight decrease compared to the solution

examined above, without GTP and fusidic acid, assigned to differences in the solution

conditions employed. For the ribosome-EF–G complex (Figure 4, panel B), results show that

both rates of exchange are significantly lower than in the control, kdiss,mon = 0.0052 min−1

and kdiss,dim = 0.0030 min−1 giving an overall rate of disappearance of the homostalk

complex of 0.0082 min−1. Interestingly the rate constants for dissociation of a monomer and

a dimer are lowered by ~27% and ~47% respectively, in the EF–G complex compared to the

control experiment, demonstrating that both monomeric and dimeric exchange pathways are

affected (Figure 5).

Discussion

We have shown that ribosomes remain intact in the gas phase, enabling us to monitor

exchange of stalk proteins in solution, in situ on the ribosome. Well-resolved mass spectra

allow us to quantify the incorporation of l- and h-proteins as a function of time. Detailed

kinetic modeling enabled us to delineate different pathways of disassembly within the

context of the intact ribosome and to determine that exchange occurs via both monomers

and dimers (Figure 5). Our data are consistent with two independent L7/L12 dimers, in line

with available X-ray data (4). It is interesting to note that in free ribosomes, the rate

constants for monomer and dimer exchange are similar. This implies that the dimers exist as

independent units, competent to dissociate and re-associate almost as rapidly as the

monomers. In E. coli, multiple L7/L12 dimers are essential for efficient protein synthesis

(38-40). Despite evidence of the structural and functional significance of the dimeric unit,

and given that all the bacterial stalks studied so far have either a 4:1 and/or 6:1 (L7/

L12:L10) ratio, direct evidence of the role of dimers in subunit exchange, from intact

ribosomes, has not been demonstrated previously.

In the ribosome-EF–G complex, structural studies show that binding of EF–G affects the

long α-helix at the C-terminus of L10 (24). This leads to bending of L10 towards L11

relative to its structure in the isolated [L10(L12NTD)6] structure (4). As a result of this

bending, one copy of L7/L12 CTD interacts directly with both EF–G and the NTD of L11

(24). Given these interactions, it is anticipated that exchange of monomeric L7/L12 would

be affected. Kinetic modeling of our experimental data indicates that disassembly via

monomers is reduced by 27% when EF–G is trapped on the ribosome in the

posttranslocational state. This is consistent with one of the four copies of L7/L12 becoming

trapped on the ribosome, unable to participate in the exchange reaction due to its interaction

with EF–G. The binding sites of the two L7/L12 dimers are separated by a kink in the helix

of L10 (4). Additional bending of the L10 helix, as a result of EF–G binding as seen in the

X-ray structure (24) would likely increase the independence of the two binding sites. In our

model we considered the two dimers to act independently. If interactions in the L7/L12

dimers were unchanged as a result of EF–G binding, we would anticipate a reduction in the

amplitude of exchange proceeding via dimers by ~50%. That exchange via dimers is

reduced by ~47% implies that interactions with EF–G prevent one of the dimers from

undergoing exchange and that the interactions between independent dimers are unchanged.

Since several factors are known to be recruited by L7/L12 during translation, and given the
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high concentrations of these factors in cells (41), L7/L12 will likely be involved in repeated

interactions, preventing their free exchange. From X-ray data (24), however we know that

only two L7/L12 subunits are affected by translation factor binding, the remaining stalk

proteins are thus available for exchange as observed here.

Bacterial ribosomes are known to be stable for at least 24h, throughout cellular growth, and

while engaged in translation (42, 43). In our experiments after ~2h of exchange >50% of

ribosomes have undergone exchange of the L7/L12 proteins. The L12:L7 ratio is modified

as a function of the growth phase (9, 10) but it has been established that once incorporated

L12 and L7 do not undergo interconversion, via acetylation or deacetylation (44). Since L7

has increased interactions with L10, compared with those of L12 (11), it is entirely feasible

for exchange of L12 for L7 to take place in cells. While such fine-tuning is likely to have

minor effects on the overall composition of the stalk, subtle changes could form part of a

strategy for survival, conferring enhanced stability to the stalk under conditions of stress

(11) in-line with proposals from other studies (45). Comparing the exchange of bacterial

ribosomes with their eukaryotic counterpart, reveals that yeast P1 and P2 proteins are in

more rapid exchange leading to greater heterogeneity in stalk complexes (46). This would

allow for better regulation of protein synthesis in the more complex eukaryotic translation

system than its bacterial equivalent. However it has been demonstrated that the number of

L7/L12 dimers does affect ribosomal function (40). This implies therefore that fine-tuning

the protein composition in the bacterial stalk could also provide a mechanism for adapting to

a particular cellular environment.

METHODS

Materials

Labeled ribosomes were purified from MRE600 E. coli strain grown in M9 minimal media

employing 13C-D-glucose (Sigma) for carbon labeling and 15N-ammonium chloride

(Cambridge Isotope Laboratories, Inc) for nitrogen labeling according to the same protocol

(47). Labeling of the ribosomal proteins was higher than 99% as identified by MS

(Supplementary Table S1). Aliquots were stored at −80°C in 10 mM Tris-HCl (pH 7.5), 10

mM magnesium chloride, 50 mM ammonium chloride, 6 mM β-mercaptoethanol. EF–G was

expressed and purified following a previously described procedure (15). Chemicals were

purchased from Sigma unless otherwise stated.

Subunit exchange reaction

For subunit exchange without EF–G, an equimolar solution (1 μM total ribosome

concentration) of [12C,14N]-70S and [13C,15N]-70S ribosomes was incubated at 37°C in 6

mM magnesium acetate, 10 mM ammonium acetate (pH 7.0). For comparison of L7/L12

subunit exchange with and without translation factor, 25 μL of a mixture of EF–G (25 μM),

fusidic acid (FA) (130 μM) and GTP (130 μM) in 10 mM ammonium acetate were incubated

at room temperature for 20 mins. To this solution was added 95 μL of an equimolar solution

(1.1 μM total ribosome concentration) of [12C,14N]-70S and [13C,15N]-70S ribosomes in 10

mM ammonium acetate, 7.7 mM magnesium acetate, pH 7.0, to give a final volume of 120

μl. The molar ratio of 70S/EF–G/GTP/FA was 1:6:31:31, closely similar to that employed in
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the determination of the X-ray structure of the ribosome-EF–G complex (24). The control

experiment was prepared identically except that EF–G was omitted from the FA/GTP

solution. Both reactions were incubated at 37°C. Aliquots (10 μL) were buffer-exchanged

immediately prior to analysis using micro BioSpin 6 columns into 10 mM ammonium

acetate solution pH 7.0 to remove excess Mg2+, GTP and FA. Aliquots were withdrawn

from t=2 minutes to 12h and stored on ice prior to analysis.

Mass spectrometry

MS and tandem MS analysis was carried out on a Synapt HDMS quadrupole IM–MS

instrument (48) and spectra in Figure 1, panels A and B, were acquired on the QTOF2

(Waters). MS parameters were optimised for the transmission of large non-covalent

complexes. Typical values are: capillary voltage 1.7 kV, cone voltage 80 V, cone gas 40

litres h−1, extractor 1 V, ion transfer stage pressure 5.70 mbar, transfer voltage 12 V, bias

voltage 35 V, trap voltage 15 V, trap and transfer pressure 5.3×10−2 mbar, IMS pressure

5.0×10−1 mbar, ToF analyser pressure 1.2×10−6 mbar. For spectra recorded under

dissociating conditions the trap collision voltage was increased to 100 V. In tandem MS

mode ions of a narrow range of m/z were selected in the first quadrupole mass analyser,

prior to accumulation in the ion trap. These ions were then subjected to increasing collision

voltage in the ion trap just prior to the mobility cell (15–70 V) while keeping other settings

constant. Nanoflow electrospray capillaries were prepared in-house as previously described

(49). Mass spectra were calibrated externally using a solution of caesium iodide (100 mg

ml−1) and analysed using Masslynx 4.1 software (Waters). Spectra are shown with minimal

smoothing. The protein molecular masses were obtained from the UniProt database

(www.uniprot.org). The relative abundance of the different types of (L7/L12)4 stripped

complexes was calculated by fitting Gaussians to each peak of the 6+ charge state. The

intensity is expressed as a ratio of the total intensity of the peaks assigned to these tetramers.

Kinetic modeling

The kinetic model describing the L7/L12 exchange process was modified from an approach

developed previously (31, 33). The stripped complex (L7/L12)4 represented the distribution

of l- and hL7/L12 subunits on the intact ribosome. Models were produced in-house using

Mathematica 6.0. Further details are provided in the Supplementary Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Mass spectra of ribosomes in the presence of 5 mM Mg2+. A) Upper spectrum was acquired

under ‘soft’ MS conditions (collision energy 5 V without collision gas) and reveals a large

unresolved signal at 28000 m/z assigned to the intact 70S assembly. B) Lower spectrum was

acquired under dissociating MS conditions (collision energy 100 V and 10 psi argon

collision gas). Charge states of both the 30S and 50S particles are partially resolved. The

mass of the 30S subunit is consistent with loss of S1 and S6 as observed previously (35). For

the 50S subunit, two charge state series are observed which are consistent with loss of

hexameric stalk complex and four copies of L7/L12. Inset, expansion of the spectrum

obtained with an equimolar solution of l- and h-ribosomes in 10 mM ammonium acetate and

6 mM Mg2+. Peaks are assigned to dissociated proteins as well as two populations of intact

l- and h-stalk complexes, [L10(L7/L12)4] and [L11·L10(L7/L12)4]. [12C,14N] and [14C,15N]

species are indicated by filled and empty symbols respectively.
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Figure 2.
L7/L12 exchange from free ribosomes. A) CID spectra of an equimolar solution of l- and h-

ribosomes at various time intervals after mixing showing the 6+ charge state of the (L7/

L12)4 stripped complex. Homotetramers are shown in blue, heterotetramers with a 3:1 or 1:3

(l:h) L7/L12 composition in red and a 2:2 (l:h) L7/L12 stoichiometry in green. B–C)

Relative intensities of the tetramers with 4:0/0:4, 3:1/1:3 and 2:2 (l:h) L7/L12 ratio are

indicated by blue diamond, red square and green triangle, respectively. Data are compared

with different models considered (blue, red and green lines represent the modeled relative

intensities): B) model A, in which only monomer dissociation is allowed and C) model C in

which both monomers and dimers dissociate independently. Model B in which only dimers

dissociate but are subsequently allowed to exchange before re-association has a relatively

large RMSD between the data and the model (Supplementary Figure S5).
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Figure 3.
L7/L12 exchange from ribosomes trapped in the posttranslocational state. A) Low m/z

region of a mass spectrum recorded for an equimolar solution of l- and h-ribosome-EF–G

complex trapped in the posttranslocational state by fusidic acid, prior to subunit exchange.

B–C) The 6+ charge state of (L7/L12)4 stripped complex at time t=0 (lower spectra) and

after 3h incubation at 37°C (upper spectra) for ribosomes in: B) the absence of EF–G and C)

for the EF–G complex. Peaks corresponding to tetramers with different ratios of (l:h)

L7/L12 are highlighted in blue (4:0/0:4), red (3:1/1:3) and green (2:2).
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Figure 4.
Binding of EF–G slows down L7/L12 exchange. Kinetic modeling of L7/L12 subunit

exchange in: A) the control solution in the absence of factor and B) the ribosome-EF–G

complex. Relative intensities of the (l:h) L7/L12 tetramers with 4:0/0:4, 3:1/1:3 and 2:2 are

indicated by blue diamond, red square and green triangle, respectively. Data are compared

with the intensities predicted from the hybrid monomeric and dimeric exchange Model C

(corresponding lines). C) The optimization procedure is illustrated by showing the RMSDs

between both sets of experimental data and Model C for 10,000 kdiss,mon and kdiss,dim values.
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Figure 5.
Schematic representation of the L7/L12 exchange mechanism which takes place between

ribosomes in the absence of factors (left) and in the ribosome-EF–G complex (right). The

schematic shows all events that were considered in our model. For the ribosome-EF–G

complex slower rate constants (min−1) are observed for dissociation of monomers and

dimers.
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