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Work on the structural biology of ribosomes has progressed
rapidly over the past few years. It has come to a stage at which
the structures of the individual components are no longer of
interest, except for those that still present ambiguous
information about their structure because of conformational
dynamics, as well as for those that show very little homology
with their counterparts from other species or other kingdoms.
The recently solved structure of protein L7/L12 and its
proposed modes of dimerization have helped to understand
the structural flexibility of this protein, which occurs as two
dimers in the ribosome. The structure provides a missing link
for many previous biochemical and functional studies.
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Introduction
Tremendous progress has been made in the field of struc-
tural studies on ribosomes over the past two decades.
Ribosomes are the protein-synthesizing machinery of the
cell. The beginning of ‘ribosome research’ dates back to
the 1950s, when these protein-synthesizing large ribonu-
cleoprotein complexes were visualized and identified as
separate organelles in cells, and further purified and sub-
jected to physicochemical studies. This field immediately
became a hot topic of research in molecular biology as it
was inseparable from the ‘protein synthesis research’ and
the need for structural investigations was strongly felt.

The structural studies on ribosomes have been performed
on different levels using numerous methods, but in recent
years X-ray crystallography, NMR spectroscopy and cryo-
electron microscopy (cryo-EM) have been most successful.
The first atomic structure of a ribosomal protein was of the
C-terminal domain (CTD) of protein L7/L12 [1].
Subsequently, many individual ribosomal proteins and
rRNA fragments have been studied. Several characteristic
protein folds have been identified, as well as the frequently
exposed hydrophobic and aromatic residues on the surface
(see reviews [2–4,5••]). In recent years, studies on the
rRNA–protein complexes have revealed the details of their
interactions [6–8]. The study of other components in the
translation system, such as the factor proteins, is another
highly active field.

In the past few years, the structural study of both the ribo-
somal subunits and the whole ribosome by cryo-EM and
crystallography has made tremendous progress
[9•,10••–13••]. The resolution of the crystallographic work
on ribosomal subunits has reached levels at which the
rRNA, as well as the ribosomal proteins, is interpretable at
atomic level. Thus, the interest in the structures of indi-
vidual ribosomal components will be significantly diluted.
There are, however, ambiguities remaining with regard to
the structure and organization of some ribosomal proteins,
partly due to structural mobility and partly due to ambigu-
ities about how to interpret the observations. Recent
crystallographic investigations have clarified one such
ambiguous region: the crystal structure of the whole
L7/L12 protein [14•]. This structure has dramatically
improved and corrected our understanding of the structure
and organization of L7/L12, which has had profound
effects on our view of the functional role of this protein in
protein synthesis. Thus, we would like to focus our attention
on protein L7/L12 in this short review.

Protein L7/L12 in ribosomal structures
One of the most remarkable features of the large subunit of
the ribosome is the presence of a highly flexible protuber-
ance called the stalk [15]. In cryo-EM studies of bacterial
ribosomes, this stalk appeared to be extended [9•,10••,16],
whereas it was absent or possibly compressed in both the
50S and 70S X-ray maps [11••,13••]. Protein L12, the only
multicopy component of the 50S subunit, comprises this
stalk feature of ribosomes [17,18]. Protein L7 is identical to
N-terminally acetylated L12 and these proteins are gener-
ally referred to as L7/L12 [19,20]. Four molecules of this
acidic protein are present in each ribosome and they exist
as two dimers. The L7/L12 dimers bind to ribosomal pro-
tein L10 and this pentameric complex is known as the L8
complex in Escherichia coli [21]. Dimers of L7/L12 or the L8
complex can be selectively and simply removed from, and
reconstituted into, the ribosome. This greatly facilitates
studies, with genetically and biochemically modified
proteins replacing the native ones [22].

Similar acidic protein complexes are also present in archae-
bacterial and eukaryotic ribosomes. In archaebacteria, only
one form of the L12-like protein exists, but in eukaryotes
there are two types, namely P1 and P2. These form the
P protein complex, in which dimers of P1 and P2 bind to
P0 — the L10 homolog in eukaryotes. Among eubacteria,
L7/L12 sequences are highly homologous. The L7/L12
protein from Thermotoga maritima bears 64.5% homology to
the E. coli counterpart [14•]. However, they have no
detectable sequence homology to archaebacterial and
eukaryotic L12, which, on the other hand, are clearly
homologous to each other [23]. This is why replacement of
the L8 protein complex in E. coli ribosomes with the rat
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P protein complex changes its specificity from prokaryotic
elongation factor (EF-G) binding to eukaryotic EF-2-
dependent GTPase activity [24]. Footprinting
experiments, however, show that the binding site of the
eukaryotic P complex on 28S rRNA is nearly equivalent to
the bacterial L8-binding site on 23S rRNA [25]. 

Functional and structural organization of L7/L12
The L7/L12 molecules are involved in binding transla-
tional factors, as well as in factor-dependent GTP
hydrolysis [10••,16,26]. The translational pace and error
rate depend critically on them [27]. Functionally, L12 can
be divided into an N-terminal domain (NTD) responsible
for dimerization and L10 binding [28], an intervening long
hinge region and a CTD necessary for translational-factor-
dependent GTPase activity [29,30]. Structural and
biochemical studies indicate that the hinge region is
responsible for the high flexibility of the L7/L12 molecule
and allows independent movement of the terminal
domains [31–34]. Removal of the hinge region significantly
reduces the mobility of the CTD [33] and ribosomes
reconstituted with mutant L7/L12 lacking the hinge
region lose activity [35,36].

In the past two decades, many hypotheses have been
made regarding the structural organization and orientation
of the L7/L12 molecules within ribosomes. Immuno-EM
studies using monoclonal antibodies directly showed the
presence of the CTD at the tip of the stalk and the NTD
at the base of the stalk [37]. This was consistent with the
earlier demonstration that the NTD was responsible for
binding L10 [38,39]. It was also shown that one dimer of
L7/L12 per 50S particle was sufficient to form a visible
stalk [26], although earlier studies with polyclonal antibod-
ies suggested the presence of both dimers on the stalk [40].
Direct evidence that the CTD was found at different
locations on ribosomes came from immuno-EM studies
using monoclonal antibodies [37], as well as from chemi-
cal cross-linking studies, that suggested three possible

locations [41,42]. Cross-linking of the CTD with S2, S3
and S14 (site I), on the exposed head and neck region of
the 30S subunit, indicates a location for the stalk stretch-
ing across the subunit interface to reach the
EF-Tu-binding site on the small subunit. Cross-linking
with L10 and L11 identifies a location at the base of the
stalk (site II), near the EF-G-binding site, that was
claimed to be due to a bent conformation of the molecule
[22]. Site III was proposed to be far across the body of the
50S subunit, as the CTD showed cross-links with L2 and
L5. Actually, the maximal extended length of the L7/L12
molecule is slightly less than half of the distance across
the surface of the 50S subunit [15]. Previous studies sug-
gested that one L7/L12 dimer can exist on the body of a
50S particle in an extended conformation directed toward
the central protuberance [43]. Thus, it can be concluded
that, although the NTD of L7/L12 molecules remains
tied with the L10 molecule, the CTDs can visit different
locations on the ribosome depending on the conformation
of the long hinge region. 

Fluorescence polarization studies showed that the mobility
and flexibility of the molecule was diminished when the
hinge region was shortened [33,34] and the length of the
hinge region, not the amino acid sequence, was found to
be crucial to the functioning of the L7/L12 dimer in the
ribosome [44]. However, the flexibility of the molecule
seems to change upon interaction with different elongation
factors. Limited proteolysis was used as a tool to follow
conformational changes in L7/L12. EF-Tu in complex
with aminoacyl-tRNA and GMPPNP (a nonhydrolyzable
GTP analog) binds to the ribosome and makes L7/L12
resistant to trypsin, as in free ribosomes. After EF-Tu-
dependent GTP hydrolysis, L7/L12 changes its
conformation and becomes sensitive to digestion. When
EF-G complexed to GMPPMP is bound to the ribosome,
L7/L12 remains sensitive to trypsin, but in the post-GTP
hydrolysis state it becomes resistant again [30]. Cryo-EM
studies have shown that, after EF-G-dependent GTP
hydrolysis, in the presence of fusidic acid, L7/L12 appears
as an extended structure [9•,10••]. Agrawal et al. [10••] also
reported that, in the 70S–EF-G•GDPCP complex, the
L7/L12 stalk became bifurcated and, upon GTP hydroly-
sis, the bifurcation was reversed. The stalk then took the
extended position even in the presence of tRNA, as was
seen in the 70S–(tRNA2)–EF-G•GDP•fusidic acid com-
plex. Stark et al. [9•] did not see L7/L12 in either extended
or bifurcated conformations in their EM reconstitution of
the ribosome–EF-G complex that contained tRNA. This
debate may be solved by determining structures at even
higher resolution.

The crystal structure of L7/L12
Recently, Wahl et al. [14•] reported the crystal structure of
L12 from T. maritima, with two full-length molecules and
two N-terminal fragments in the asymmetric unit. Two
possible modes of dimerization are discussed. One
involves the two complete molecules in parallel alignment.
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Figure 1

Side view of a model L12 dimer that contains one monomer with the
hinge in a helical conformation and the other with the hinge in an
extended conformation. As reported by Wahl et al. [14•], there will be a
severe clash in the space between the hinge regions if both of them
are in a helical conformation. This illustrates that a monomer may
expose its CTD as part of the ribosomal stalk or retract it close to the
body of the ribosome. At the same time, the CTD of a monomer may
reach far into the space between the ribosomal subunits.



In this case, the hinge is in an α-helical conformation, giv-
ing the molecule a compact shape. This dimerization mode
involves the hinge region as a major component. As the
flexible hinge is observed in numerous studies and as the
dimer interaction is exceedingly strong, the hinge could
hardly be part of the functional dimer interaction. The sec-
ond mode of dimer interaction is essentially antiparallel
and involves the four helices of the two NTDs. This con-
tradicts the previous hypothesis of the parallel aggregation
of the monomers within the dimer [45]. However, it can
explain how L7/L12 can reach distant parts of the ribo-
some, as discussed above. Another fundamental insight is
the fact that the hinges in the full molecules form an
α helix. This leads to contraction of the hinge and the
localization of the CTD close to the NTD. In this antipar-
allel dimer, the helical hinge occupies space at the twofold
axis, allowing only one of the hinges of the dimer to adopt
a helical conformation in this position. Thus, a dimer can
have one retracted CTD due to the presence of a helical
hinge and one extended CTD (Figure 1). Furthermore,
the monomers could alternate between the helical and
extended states; this may correlate well with cryo-EM,
cross-linking and proteolysis studies. Also, the early obser-
vation of the variable helical content of L7/L12 due to
external conditions finally gets a full explanation of great
functional interest [46]. How this relates to the interactions
with the translational factors remains to be established.
Whether the archaeal and eukaryotic counterparts of
L7/L12 behave in a similar manner is, at present,
unknown, but the known facts would not exclude it.

Conclusions
The study of isolated ribosomal proteins and fragments
of rRNA is being replaced by the characterization of
these molecules in situ. Their interactions in the assem-
bly and function of ribosomes can only be well
characterized in complete subunits or whole ribosomes.
Thus, one can conclude that the initial phase of struc-
tural studies of isolated ribosomal components is coming
to an end. For the translation factors, which spend most
of their time off the ribosome, there is still much to be
learnt from isolated components. However, for complex
molecular systems with complicated dynamic behavior,
like L7/L12, there may still be room for enlightening
studies of the isolated systems.

Update
The structural analysis of ribosomal proteins has pro-
gressed rapidly. Thus, there are now structures available
at, or close to, atomic resolution. The structures of the
small subunit from Thermus thermophilus at 3.3 Å and 3.0 Å
resolution [47••,48••], and the large subunit from
Haloarcula marismortui at 2.4 Å resolution [49••] are avail-
able, providing extensive information about the
organization of RNA and protein in the ribosome. The
studies of numerous functional and inhibited complexes
are well on their way, as are higher resolution studies of
whole ribosomes. However, the work on the archaeal

large subunit has so far not revealed the organization of
the proteins corresponding to L7/L12.
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