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Abstract

During protein biosynthesis in bacteria, one of the earliest events that a nascent polypeptide chain goes through
is the co-translational enzymatic processing. The event includes two enzymatic pathways: deformylation of the
N-terminal methionine by the enzyme peptide deformylase (PDF), followed by methionine excision catalyzed by
methionine aminopeptidase (MetAP). During the enzymatic processing, the emerging nascent protein likely
remains shielded by the ribosome-associated chaperone trigger factor. The ribosome tunnel exit serves as a
stage for recruiting proteins involved inmaturation processes of the nascent chain. Co-translational processing of
nascent chains is a critical step for subsequent folding and functioning of mature proteins.
Here, we present cryo-electronmicroscopy structures ofEscherichia coli (E. coli) ribosome in complex with the

nascent chain processing proteins. The structures reveal overlapping binding sites for PDF and MetAP when
they bind individually at the tunnel exit site, where L22–L32 protein region provides primary anchoring sites for
both proteins. In the absence of PDF, trigger factor can access ribosomal tunnel exit when MetAP occupies its
primary binding site. Interestingly, however, in the presenceof PDF,whenMetAP's primary binding site is already
engaged, MetAP has a remarkable ability to occupy an alternative binding site adjacent to PDF. Our study, thus,
discloses an unexpected mechanism that MetAP adopts for context-specific ribosome association.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

Ribosome not only serves as a platform for protein
biosynthesis but also plays a crucial role in
regulating various co-translational maturation steps
related to protein biogenesis, including N-terminal
enzymatic processing of the nascent chain [1,2].
Emergence from the ribosome exit tunnel marks the
onset of the maturation processes of the nascent
polypeptide chain. The tunnel exit of the Escherichia
coli 50S subunit is surrounded by ribosomal proteins
(L17, L22, L23, L24, L29, and L32) along with 23S
rRNA helices (domains I and III) [3,4]. These proteins
and rRNA domains around the tunnel exit serve as
docking sites for co-translational enzymes and
chaperones [4].
In eubacteria, the nascent polypeptide chain

encounters multiple members of a large repertoire
of protein factors, which primarily includes peptide
deformylase (PDF), methionine aminopeptidase
(MetAP/MAP), trigger factor (TF), signal recognition
r Ltd. All rights reserved.
particle (SRP), and SecYEG translocon [1]. Struc-
tural studies have demonstrated that SRP, TF, and
SecYEG share overlapping binding sites on the
ribosome [5–8], suggesting that the same platform is
used for multiple functions. How the proteins
modulate their anchoring positions on ribosome
and accommodate one another in order to access
the nascent chain properly is an interesting and yet
unexplained question.
Protein synthesis in bacteria is initiated with N-formyl

methionine [9,10]. As soon as the newly synthesized
polypeptide chain reaches the extremity of the ribo-
somal exit tunnel, it first encounters PDF protein
(essential in bacteria), which removes the N-terminal
formyl group (deformylation) [9]. PDF, a metallo-
enzyme, utilizes Fe (II) as the catalytic metal ion,
which can be replaced with nickel or cobalt ion with no
loss of activity [11,12]. Depending on structure and
sequence similarity, PDFs are classified into three
types (1, 2, and 3) [10]. PDF in E. coli belongs to
subtype 1b [13].
Journal of Molecular Biology (2019) 431, 1426–1439
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Deformylation is a prerequisite for subsequent N-
terminal methionine excision needed to produce
diverse N termini in proteins for their appropriate
function, targeting and eventual degradation. MetAP,
which is present in all kingdoms of life [14], is an
enzyme that catalyzes the cleavage of first methionine
from the growing polypeptide chain containing small
and uncharged penultimate residue [15]. MetAPs also
encompassmetal binding site and can be activated by
various divalent metal cations, but unlike PDFs, the
physiological metal ions of MetAPs are still a matter of
debate [16]. Sequence and structural characteriza-
tions have identified two types ofMetAPs,MetAP1 and
MetAP2. E. coli has MetAP subtype1a, comprising
only the catalytic domain, while eukaryotes possess
both classes [10,17–20].
The coordination and dynamics of several tunnel-

associated, protein targeting factors (e.g., SRP and
the translocon) have been investigated structurally in
great detail [21–25]. However, only limited structural
and functional studies related to the nascent chain
processing enzymes in E. coli system have been
reported so far [1,10,26]. It has been established that
the C-terminal helical extension of E. coli PDF is
responsible for ribosome association. A crystal
structure of the C-terminal helix of PDF in complex
with the 70S ribosome has provided a model for PDF
binding on the ribosome [13]. The structure showed
the ribosome-interacting C-terminal helix binding to a
groove between ribosomal proteins L22 and L32,
placing its active site towards the tunnel exit, thereby
providing easy access for the emerging nascent
polypeptides to interact with. The ribosome interac-
tion site of the MetAP, however, has not been clearly
identified thus far, although several lines of evidence
suggest that there is an association between MetAP
and ribosome at the exit site of the ribosome tunnel
[26]. Biochemical and rigorous modeling studies
have indicated the surface between L23 and L17 as
MetAP interaction site, where a positively charged
loop of MetAP is the putative ribosome binding motif
[27]. Structural and functional studies have demon-
strated that TF, the only ribosome-associated
chaperone in bacteria, adopts a cradle-shape
where its N-terminal domain binds to L23 protein
at the tunnel exit, whereas the other domains
[peptidylprolyl isomerise (PPIase) and C-terminal
“arms”] project over the exit of the ribosomal tunnel
[1,28–33] to protect the emerging nascent polypep-
tide chain. It is evident that despite some progress,
our understanding on how the tunnel-binding factors
interact with one another while simultaneously
accessing the site remains insufficient.
In this study, we present a structural overview of the

interactions of the nascent chain processing factors
with the E. coli 70S ribosome. Since the presence of
nascent polypeptide chain in the peptide tunnel is not
a prerequisite for binding of the ribosome-associated,
co-translational nascent chain processing factors
[13,27], we have used purified E. coli 70S ribosomes
to make the ribosomal complexes. By means of cryo-
electronmicroscopy (cryo-EM) and three-dimensional
(3D) single-particle reconstruction techniques, five
maps (~10 to 15Å resolution range) have been
generated. Three of these demonstrate binding of
the nascent chain processing enzymes (PDF, MetAP)
to 70S ribosome either individually (70S–PDF and
70S–MetAP complexes) or together (70S–PDF–
MetAP complex). The other two maps represent
interaction of ribosome with chaperone TF in the
presence of PDF and/or MetAP (70S–MetAP–TF and
70S–PDF–TF complexes). The cryo-EM maps re-
vealed overlapping binding sites of PDF and MetAP
near the tunnel exit (at L22–L32 protein region), when
allowed to associate with the ribosome individually
(70S–PDF and 70S–MetAP complexes). Structure of
the 70S ribosome in complex with MetAP and TF
further confirmed the L22–L32 protein region as the
primary binding site of MetAP. In contrast, when
MetAP interacts with the 70S–PDF pre-complex, it
relocates to a neighboring site close to L23 (second-
ary binding site), whereas PDF stays at the same
L22–L32 region (70S–PDF–MetAP complex). Inter-
estingly, eukaryotic MetAP2 homolog Arx1 protein
binding site on ribosome [34–36] overlaps with the
secondary binding site of MetAP in this complex.
Another cryo-EM structure revealed the interaction of
TF with the 70S ribosome pre-complexed with PDF
and MetAP (70S–PDF–MetAP complex). Although
clear densities corresponding to PDF and TF were
seen in this map, confirming that these two proteins
can access ribosome simultaneously [37], no obvious
density corresponding to MetAP was found. We
termed this complex as 70S–PDF–TF complex. It
was not possible to simultaneously visualize PDF, TF,
and MetAP bound to the ribosome in this complex,
possibly because the N-terminal domain of TF
overlaps considerably with MetAP in its secondary
position (as seen in 70S–PDF–MetAP complex).
Taken together, our results reveal remarkable

dynamic interplay of the protein biogenesis factors on
the tunnel exit of the ribosome during co-translational
processing of the nascent polypeptide chain.
Results

PDF binding to the E. coli 70S ribosome tunnel
exit

Purified E. coli 70S ribosomes were used to make
the complex with E. coli PDF following co-
sedimentation procedure (Fig. S1d, e). A 3D cryo-EM
map was generated for the PDF-bound 70S ribosome
complex (map I, 70S–PDF complex, Fig. 1a). Addi-
tional density attributable to the PDF protein was
visible at the tunnel exit site in the 3D map (Fig. 1a).



Fig. 1. Visualization of PDF and MetAP at the ribosome tunnel exit when bound individually. (a) Cryo-EM reconstruction
of E. coli 70S ribosome–PDF complex showing the ligand at the tunnel exit site. The 30S subunit is shown in yellow, 50S
subunit in blue, and the additional density for PDF in orange. (b) Cryo-EM reconstruction of E. coli 70S ribosome–MetAP
complex. Density for MetAP is shown in magenta. Close-up views of PDF (c) and MetAP (d) densities show overall shape
similarities to the crystal structures of respective proteins. Since the occupancies of the ligands were low in these maps
(when PDF/MetAP binds singly), isolated ligand densities are shown here in lower contour levels. Landmarks for the 30S
subunit: bk, beak; sh, shoulder; sp., spur. Landmarks for the 50S subunit: CP, central protuberance; sb, L7/L12 stalk base.

1428 Teamwork of Protein Biogenesis Factors
The presence of PDF density at the tunnel exit was
alsovisible in someof the viewsof the two-dimensional
class averages (Fig. S2a). Although ligand occupancy
was low in this complex, the PDF density appeared to
be very similar to the overall shape and size of the
crystal structures [38] (Figs. 1c and S3a). We have
generated the atomic model of the 70S–PDF complex
using molecular dynamics flexible fitting (MDFF)
approach (Fig. S3c). During MDFF simulation, we
first performed flexible fitting of the rRNA coordinates.
The RNA part was then kept rigid, while the tunnel-
bound r-proteins were fitted. Finally, the rRNA and
protein coordinates were kept rigid, and the ligand
coordinate was fitted into the density map as a rigid
body. The crystal structure of the ribosome-binding
C-terminal helix of E. coli PDF in complex with the
70S ribosome depicted the position and interactions
of the helix near the tunnel exit [13]. Localization of
the C-terminal helix of PDF was done using this
reported structure (PDB: 4V5B). Following fitting, the
C-terminal ribosome-binding helix of PDF was found
to be accommodated in a groove created between
large subunit proteins L22 and L32, adjacent to
nascent polypeptide tunnel exit (Fig. 2b). The fitted
PDF structure was in overall agreement with previous
finding [13]. A closer look at the PDF-binding region of
the atomic model identified the involvement of rRNA
as well as proteins around the tunnel exit in the
interactions with PDF (Fig. 2b). The C-terminal helix is
accommodated in the groove made by the 23S rRNA
helices H24 (domain I) and H47 (domain III) and
interacts with protein L22 (Fig. 2b). However, at
current resolution of the map, the helix density
remained fused with the 50S subunit density, thus
limiting any further analysis.

MetAP binds to an overlapping region of PDF
binding site

Similar co-sedimentation approach was taken to
make MetAP-bound E. coli 70S ribosome complex
(map II, 70S–MetAP complex, Fig. S1c). The 3D
cryo-EM map (70S–MetAP, Fig. S2b) showed the
presence of an extra ribosomal density near the



Fig. 2. Quasi-atomic models for
70S–PDF and 70S–MetAP com-
plexes and cryo-EM reconstruction
of 70S–MetAP–TF complex.
(a) Superposition of the cryo-EM
maps of 70S–PDF and 70S MetAP
complexes shows overlapping bind-
ing sites of PDF (solid, orange) and
MetAP (semitransparent, magenta).
(b) Close-up view of quasi-atomic
model of 70S–PDF density map
featuring regions of the 50S subunit
where PDFC-terminal helix (orange)
is located. C-terminal helix is seen
lodged between the 23SrRNA (slate)
helices H24 and H47 of domains I
and III, respectively, which also
positions the protein helix between
ribosomal proteins L22 (chocolate)
and L32 (red). (c) Close-up view of
quasi-atomic model of 70S–MetAP
complex shows that binding location
of MetAP at the tunnel exit of 50S
subunit is the same as that of PDF.
The ribosome-interacting loops of
MetAP are seen stationed near
the helix H24 of 23SrRNA (green)
domain I and seems to be in direct
contact with L22 (chocolate).
(d) Cryo-EM map of 70S–MetAP–
TFcomplex.MetAPdensity is shown
in magenta, TF is in blue-green, the

30S subunit is in yellow shade, and the 50S subunit is in cyan. (e) Polypeptide exit tunnel view shows MetAP and TF density
more clearly.MetAPbinds to its primary binding site and is clung to the TF body. PPIase domain of TF is oriented along the line
of themain body of TF. Presence of little extra density on the right side of the TF body (markedwith red star) might be because
of heterogeneous population of different orientation of PPIase domain of TF.
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tunnel exit (Fig. 1b) attributable to MetAP. The shape
of the density, representing MetAP (29 kDa), was
elongated and flattened compared to the PDF
density (19 kDa) and resembled the MetAP crystal
structures [19,20] well in shape and size (Figs. 1d
and S3b). Density corresponding to MetAP at the
tunnel exit can also be detected in some of the views
of the two-dimensional class averages (Fig. S2b). In
contrast to the MetAP binding position proposed in a
previous docking study [27], juxtaposition of PDF
and MetAP bound maps (maps I and II) showed
overlapping binding regions for both proteins
(Fig. 2a).
Atomic model of the 70S–MetAP complex was

generated in a similar way to that described before
where fitting of the MetAP crystal structure was done
as a rigid body. MetAP–ribosome connections were
seen near the tunnel exit site on the 50S subunit,
where tunnel protein L22 is located (Figs. 1d and 2c,
and S3d). Unlike PDF, where a dedicated C-terminal
helix exists for ribosome association, MetAP pos-
sesses several flexible loop regions over its catalytic
site, likely responsible for ribosome binding (Fig. S3b).
The involvement of Lys 211, Lys 218, Lys 224, and
Lys 226 of MetAP (in the flexible loop regions as
shown in Fig. S3b) in ribosome association has
already been demonstrated [27]. Flexibility inMetAP's
binding sites within the immediate vicinity was also
predicted. With the positively charged loop regions,
MetAP seemed to interact more profoundly with H24
(Domain III) of 23SrRNA (Fig. 2c). Thus, ribosome-
binding patterns of PDF and MetAP at the tunnel exit
are apparently different (Fig. 2b, c), although the
binding location of the proteins is overlapping.
Globular shape and size of MetAP crystal structure

match well with the density attributed to the protein.
Flexible loops at the periphery (Fig. S3b, d), however,
remained outside themap density, presumably due to
the conformational dynamics of those regions.
The 3D map of the 70S ribosome in complex with

MetAP and TF showed densities (as identified from
the shapes) corresponding to both the proteins
(map III, 70S–MetAP–TF complex, Figs. 2d, e, and
S2c). Visualization of the stronger density corre-
sponding to MetAP at L22–L32 location (easily visible
at higher contour level) compared to the density seen
in the 70S–MetAP complex (Figs. S4c and S5g, h)
suggests that the presence of TF stabilizes MetAP
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binding (Fig. 2d, e). Comparison of 70S–MetAP and
70S–MetAP–TF density maps confirmed the locali-
zation of primary binding site of MetAP (Fig. S4c).
MetAP and TF apparently share a wide interface
(Fig. S4c and S5g, h).

MetAP has multiple binding sites around the
tunnel

Consistent with our observation thus far (Figs. 2a
and 4a), in an earlier study conducted by Sandikci et
al. [27], MetAP was found to compete with PDF for
ribosome binding, suggesting that the primary
binding site of MetAP possibly overlaps with the
binding site of PDF. Nevertheless, as evident from
the low ligand occupancies on the ribosome, PDF or
MetAP does not exhibit robust association with the
ribosome while binding individually (Fig. S5a–d). In a
previously proposed model [13], however, it was
suggested that there might exist a pathway where
the enzymes bind simultaneously at the tunnel exit.
Thus, to gain insight on the interplay between the
tunnel exit-binding proteins, we further reconstructed
the cryo-EM map of a complex by incubating MetAP
with the 70S–PDF ribosome pre-complex (map IV,
termed as 70S–PDF–MetAP complex, Figs. 3 and
and 23S rRNA (gray), highlighting participant proteins L22 (choc
and L24 (blue), surrounding the tunnel in different colors. MetAP
30S subunits are as in Fig. 1.
S2d) and found additional globular densities near the
tunnel exit of 70S ribosome.
From protein shapes and sizes, the densities

corresponding to PDF (~20 kDa) and MetAP
(~30 kDa) could be identified (Fig. S6a, b). We found
thatwhilePDFoccupied thesamepositionasobserved
in the 70S–PDF complex (Fig. S4a), MetAP relocated
to aposition closer to L23 (Fig. 3c, d)whencompared to
its position on the 70S–MetAP complex (Figs. 1b
and 2c). When MetAP, following PDF binding, ap-
proachesa ribosome,PDFapparently assists inMetAP
binding to its secondary binding site.
Since the occupancies of the ligands are higher in

this map as compared to the maps where the ligands
bind individually, the ligand coordinates were fitted
into the density map by keeping the unstructured
regions flexible while generating the atomic model
for this complex using MDFF. Atomic model of the
70S–PDF–MetAP complex demonstrated that when
bound alongside PDF, MetAP almost entirely inter-
acted with H59 (domain III of 23S rRNA) (Fig. 3d).
Visualization of the stronger ligand densities (visible
at higher contour level) in this complex, particularly
for PDF (Figs. 3a, b, and S5e, f), suggests that the
presence of MetAP in the secondary binding site
(Fig. 4b) stabilizes the binding of PDF. These
Fig. 3. Cryo-EM reconstruction of
70S ribosome–PDF–MetAP com-
plex. (a) Cryo-EM reconstruction of
E. coli 70S ribosome–PDF–MetAP
complex, where PDF andMetAP bind
together at the tunnel exit. The 30S
subunit is shown in yellow, 50S
subunit is in blue, and additional
densities for PDF and MetAP are in
orange and magenta, respectively.
MetAP, unable to access its primary
binding site in the presence of PDF,
relocates to an adjacent region
around the tunnel exit. (b) Polypeptide
tunnel exit view of 50S subunit shows
densities of MetAP (magenta) and
PDF (orange) at the tunnel exit. (c) A
close-up view of the atomic model
fitted in the 70S–PDF–MetAP density
map (purple blue mesh). (d) Ribo-
somal architecture elucidating inter-
action zones between PDF, MetAP,

olate), L32 (red), L
interacts predomi
17 (light olive), L23 (yellow), L29 (cyan),
nantly with H59. Landmarks for 50S and



Fig. 4. Alternating binding sites for
MetAP around the polypeptide tunnel
exit. Illustrations of the (a) “primary
binding site” of MetAP (magenta) in
theabsenceofPDFshowingMetAP's
position with respect to ribosomal
tunnel proteins and (b) relocation of
MetAP to a neighboring location
(“secondary binding site”) in the pres-
ence of PDF. (c) Alignment of the
fitted model of MetAP (magenta) in
70S–MetAP complex (MetAP binds
at the primary binding site) and pre
60S-Arx1 model (PDB: 3JCT, blue).
(d) Alignment of the fitted model of
MetAP in 70S–PDF–MetAP complex
(MetAP binds at the secondary bind-
ing site) and pre 60S-Arx1model. It is
clearly seen that Arx1 bindingposition
on pre-60S yeast ribosome super-
poses on the secondary binding site
of MetAP near the peptide exit tunnel.
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observations of overlapping binding sites of PDF
and MetAP (primary binding site), and alternative
secondary binding site of MetAP (Fig. 4a, b) aid in
understanding of some previously reported, seemingly
contradictory biochemical results (see Discussion).
Notably, a eukaryotic nuclear export factor Arx1

shows structural similarity to type 2 MetAP. Cryo-EM
structures of Arx1 in complex with eukaryotic
ribosomal large subunit (PDB: 3JCT, 5APN, 4V7F,
6FT6) have been published. Comparison of the
binding positions of Arx1 and MetAP at the tunnel
exit reveals that Arx1 binding site considerably
superposes on the MetAP secondary binding loca-
tion (Fig. 4c, d). This observation additionally
corroborates MetAP's affinity at the secondary
binding location at the tunnel exit of E. coli 70S
ribosome (Fig. 4b).
Finally, another complex was prepared by incu-

bating 70S–PDF–MetAP pre-complex with TF (map
V, Fig. S2e). In this complex, PDF was found again
in the same location (Fig. S4b) and clear density
corresponding to full TF was also seen (Figs. 5a, b,
and S7e). Concurrent binding of TF with PDF has
already been demonstrated at tunnel exit, although
with a changed arrangement in TF [37]. In consistent
with the observation, we found shifts in TF domains
in this complex (Fig. 5c). However, the available
coordinates of TF could be fully accommodated into
the density attributable to TF (Fig. 5c). Although the
complex was made by incubating TF with the 70S–
PDF–MetAP complex, distinct density correspond-
ing to MetAP could not be unambiguously identified
in this map (map V, Fig. 5); hence, we termed this
complex as 70S–PDF–TF complex. We speculate
that TF, whose ribosome-binding N-terminal domain
overlaps with the secondary position of MetAP,
dislodged MetAP from the complex and bound
ribosome instead (Fig. S4e).
Interestingly, an additional density close to L24 was

found associated with the PPIase domain of TF in the
70S–PDF–TFcomplex (Figs. 6b andS7c). Resolution
limitation of themapprohibited us to interpret this extra
density. However, it may be noted here that it looked
similar to the PPIase domain of TF and was strongly
associated with TF density.When available TF crystal
structures [28,32,39] (PDB: 3GU0, 1W26) were
compared, PPIase domain was found to exhibit two
distinctly different conformations where rotation of the
linker domain places the PPIase domain ~90o away
from one another, while other domains overlap nicely
(Fig. 6a). It may be a possibility that in this complex,
PPIase domain of TF coexists in two conformations
(Fig. 6). A closer look at the 70S–MetAP–TF complex
revealed that, although PPIase domain showed
predominantly a single conformation, weak density
for the other conformation was partially visible
(Figs. 2e and S7b). Interaction of MetAP with TF
involving larger area of contacts extended to the
PPIase domain of TF presumably stabilizes one of the
conformations (Figs. S5g, h, and S7a, b).
Discussion

One of the major findings of our study is the
structural elucidation of MetAP relocalization in the
presence of PDF. Although such relocalization of
ligand is not commonly reported, similar large-scale
movement of bacterial initiation factor3 (IF3) along
translation initiation pathway has been identified
recently [40]. It is worth mentioning again that
binding site of Arx1 on pre-60S particle overlaps



Fig. 5. Cryo-EM density map of
the 70S–PDF–TF complex. (a) Cryo-
EM structure of E. coli 70S–PDF–TF
complex is shown. 30S subunit is in
wheat color, 50S subunit in blue
shade, PDF in orange, and TF in
blue-green. (b) Tunnel view of the
ribosomestructure showing densities
corresponding to PDF and TF full
proteins near the tunnel exit.
(c) Alignment of previously reported
TF bound 50S subunit to the fitted
coordinate of 70S–PDF–TF complex
reveals direct positional clashes of
TF with PDF. Shift in position of
tunnel-bound TF (green) in our map
from the reported TF position (violet)
is seen in the presence of PDF
(orange) in 70S–PDF–TF complex.
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with the secondary binding site we observed forE. coli
MetAP (type 1). It is possible that MetAPs evolved
such a way in eukaryotes (eukaryotes keep both
MetAP1andMetAP2) thatMetAP1 is designed to bind
at the primary binding site, whereas MetAP2 is
specific for the secondary binding site. It has been
shown previously that MetAP competes with PDF
[27], suggesting that the primary binding site ofMetAP
overlaps with the binding site of PDF, as we have
observed when the proteins bind singly at the tunnel
exit. A mechanism of action has been proposed [26],
whereby PDF, MetAP, and TF bind simultaneously to
the tunnel exit and where TF is responsible to guide
the nascent chain to the enzymes for their respective
jobs. Although concurrent binding of nascent chain
processing enzymes at the tunnel exit does occur,
accommodation of more than two at a time seems
unlikely especially when one of the proteins is as large
asTF.Based onour analyses, it is tempting to assume
that PDF and MetAP may go for a sequential mode of
ribosome binding at L22–L32 region to perform
deformylation and methionine excision even when
the tunnel is partly engaged by TF for nascent chain
scanning.
Although nascent chain masked by formylation

does not have any role in MetAP binding [27],
MetAPmay have an affinity for the unmasked nascent
protein, and following the release of PDF, MetAP
binds at the same location to access the deformylated
nascent chain. Variability in MetAP conformation,
particularly at the ribosome-binding loop regions,
suggests its conformational freedom to locally scan
the area for nascent chain. Besides, the structures
presented here do indicate that TF likely stabilizes
both PDF and MetAP when they bind singly.
A recent study showed that the association of TF and

PDF with ribosome can occur simultaneously with an
altered arrangement in TF [37]. The 70S–PDF–TF
density map provides structural evidence that, indeed,
the remarkable flexibility of TF structure [41] allows it to
shift from its usual position (seen in previous TF-bound
ribosome structures [28]) to accommodate itself when
PDF is already present or vice versa. Furthermore, we
found that binding of TF to the 70S–PDF–MetAP pre-



Fig. 6. Different orientations of the PPIase domain of TF. (a) Alignment of crystal structures of TF in two conformations
(PDB: 3GUO and 1W26), showing large difference in orientation of the PPIase domain. (b) Bifurcated densities (circled)
observed in 70S–PDF–TF reconstruction is attributed to the movement of the PPIase domain, which is known to be
inherently dynamic. (c) Presence of additional PPIase domain-like density allows molecular fitting of TF (top, 1W26;
bottom, 3GU0) in two conformations in the presence of PDF. (d) The model shows interactions of PDF and TF with the
ribosomal counter parts. PDF binds at the same location of L22 and L32 proteins. A loop of the ribosome-binding N-
terminal domain of TF interacts with L23.
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complex removes MetAP to accommodate TF (likely
due to steric clashes). The observation, incidentally,
extrapolates to the finding of an in vivo study [42]
showing inefficient N-formyl methionine excision in the
presence of an excess TF. Although TF supposedly
assists efficient binding of PDF and MetAP in
sequential mode, it is possible that TF binds ribosome
following complete excision of N-formyl methionine
when these enzymes access ribosome simultaneous-
ly. A previous study [43] proposed binding-and-release
cycles of TF–ribosome interaction that might help TF to
scan for prolyl bonds in the growing polypeptide. Our
results indicate a possibility of PPIase domain (cata-
lyzes cis/trans isomerization) being captured in two
different conformations in the ribosome-bound TF
structures. It is tempting to propose that PPIase domain
remains flexible to scan for prolyl bonds even when TF
is bound to the ribosome.
However, not every nascent peptide would require

TF's chaperoning assistance [44]. In such cases,
simultaneous binding of PDF and MetAP may provide
a time-saving route for N-formyl methionine removal.
The observed delay in effective TF recruitment by
RNCs [42] may thus also be explicated in light of
MetAP's affinity for its secondary binding site on
ribosome. Binding of PDF marks the onset of protein
biogenesis. When MetAP sits next to it, they seem to
mutually stabilize binding of one another. The RNA
affinity of MetAP allows it to bind both sequentially and
simultaneously with PDF to access the tunnel exit
(Fig. 7). Moreover, a consortium of co-translational
factors and chaperones over the tunnel exit site serves



Fig. 7. Schematic representationof theproposedmodel forMetAPaccessingalternative sitesat the tunnel exit. Duringprotein
biogenesis, PDF is the first ligand to bind the 70S ribosome (a) near the tunnel exit at a specific site (b). Following the cleavage of
formylmoiety from theN-terminusof theemergingnascent polypeptide chain,PDF falls off the ribosome, emptying the surface for
MetAPbinding (c).While in simultaneous bindingmode,MetAPanchors to an adjacent region of PDFnear L23,where it primarily
binds to rRNAand accesses the formyl freemethionine to cut it off from the nascent chain (e). For proteins that require assistance
of TF chaperoning, TF can constantly guard the tunnel exit while PDF and MetAP perform their job (d).
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a greater purpose and singles out a crucial role of
protecting the vulnerable nascent chain at all cost.
Materials and Methods

Purification of E. coli 70S ribosomes

E. coli 70S ribosomes were purified following
previously described protocol [45] with minor modifica-
tions. MRE 600 cells from log phase were harvested
and washed thrice with buffer A [20 mM Tris–HCl
(pH 7.5), 10 mM MgOAc2, 100 mM NH4Cl, 5 mM
βME]. Cells were re-suspended in buffer A and lysed
using French press. The lysate was centrifuged
(12,000g, 4 °C, 20 min), supernatant was collected,
and centrifugation was repeated until it stopped giving
pellet. Crude ribosomewas pelleted down using swing-
out rotor Thermo Scientific™ AH-629 (154,000g, 4 °C,
2 h) from the supernatant and kept overnight in TMA10
[20 mM Tris–HCl (pH 7.5), 10 mM MgOAc2, 30 mM
NH4Cl, 5 mM βME]. Pellet was re-suspended in
TMA10 and homogenized for 1 h in the presence of
1 M NH4Cl, after which the ribosomal preparation was
centrifuged several times (15,000g, 4 °C, 20 min) until
no pellet was seen. Supernatant solution was centri-
fuged using swing-out rotor Thermo Scientific™ AH-
629 (154,000g, 4 °C, 2 h). The pellet was collected and
kept overnight in TMA10 and then re-suspended.
Sample was loaded on top of a 10%–40% linear
sucrose gradient in TMA10 and centrifuged using
swing-out rotor ThermoScientific™AH-629 (154,000g,
4 °C, 90 min). Gradient was collected from bottom to
top and relevant fractions were pooled together. The
70S ribosome fraction was concentrated in TMA10
using 10 KD Amicon® Ultra-4 Centrifugal Filter Units
(Merck Millipore) and stored at −80 °C.
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Expression and purification of E. coli PDF

The gene encoding E. coli PDF was PCR amplified
using primer pair: 5′ primer: 5´-CTGTTTTTGCTAG-
CATGTCAGTTTTGCAAGTGTTACAT-3′ and 3′
primer: 5′-GTGTCTCGAGTTAAGCCCGGGCTTT-
CAG-3′ and subcloned into kanamycin-resistant
pET28a vector containing NheI/XhoI restriction sites
(underlined) and transformed into E. coli BL21 (DE3).
Transformed cells were grown in Luria–Bertani
medium containing 0.5 mg/mL kanamycin at 37 °C
until it reached an OD600 ~0.8. PDF expression was
induced by 0.5 mM IPTG, followed by an overnight
incubation of cells at 27 °C. Induced cells were
harvested, washed, and lysed in PDF buffer [50 mM
Hepes–KOH (pH 7.4), 100 mM NaCl, 5 mM NiCl2,
1 mM TCEP, 2% glycerol]. The cell lysate was
centrifuged (18,000g, 45 min, 4 °C), and the super-
natant containing N-terminal His6-tagged PDF was
allowed to bind with nickel Sepharose resins for 3 h in
the presence of 7 mM imidazole to reduce non-
specific binding. The resins were loaded onto a
column and washed with PDF buffer containing
7 mM imidazole followed by 30 mM imidazole wash.
The protein was then eluted with 150 mM imidazole.
Imidazole was removed by exchanging with imidaz-
ole-free PDF buffer, and the protein was concentrated
using Amicon® Ultra-4 Centrifugal Filter Units (Merck
Millipore). The purified protein was stored at −80 °C
with 20% glycerol.

Expression and purification of E. coli MetAP

DNA encoding MetAP, type-1a, was amplified
from E. coli genomic DNA using the primer set: 5′
primer: 5′-TATAA G GATC C ATGGCTATCT-
CAATCA-3′; 3′ primer: 5′-TATAA A AGCT T
TTATTCGTCGTGCGA-3′ and subcloned into
pET28a vector encoding N-terminal poly-His-tag
and containing BamHI/HindIII restriction sites
(underlined). E. coli BL21 (DE3) cells were trans-
formed with this clone and were grown to an OD600
of 1 at 37 °C. Cells were induced with 1 mM IPTG for
5 h at the same temperature. Cells were harvested
and dissolved in +TG buffer [50 mM Hepes–NaOH
(pH 8.0), 0.5 M NaCl, 10% glycerol, 0.1% Triton-X
100, and 5 mM imidazole] and lysed by sonication.
The lysate was centrifuged (18,000g, 4 °C, 20 min),
and the soluble fraction was filtered through 0.22 μm
pore size sterile filter. The filtered soluble fraction was
loaded on top of the +TG pre-equilibrated Ni+2-NTA
affinity flow column, and the column was washed with
the same buffer, followed by −TG buffer [50 mM
Hepes–NaOH, (pH 8.0), 0.5 M NaCl, and 5 mM
imidazole]. The protein was eluted with elution buffer
[50 mM Hepes (pH 8.0), 0.5 M NaCl, and 150 mM
imidazole] and then buffer exchanged in storage
buffer [50 mM Hepes (pH 8.0), 150 mM NaCl] and
concentratedusing10KDAmicon®Ultra-4Centrifugal
Filter Units (Merck Millipore). All the buffer composi-
tions were made following standard protocol [17].

Expression and purification of E. coli TF

BL21 (DE3) cells were transformed with pET28a
vector containing the gene encoding E. coli TF.
Transformed cells were grown in Luria–Bertani
medium at 37 °C until it reached an OD600 ~0.8.
Cells were induced with 0.4 mM IPTG at 37 °C for
4 h. Cells were harvested, washed, and dissolved in
lysis buffer [50 mM phosphate buffer (pH 8),
500 mM NaCl, 1 mM PMSF, 10 mM imidazole] and
then lysed and centrifuged (18,000g, 4 °C, 45 min).
The supernatant was collected and allowed to bind
to Ni Sepharose resin for an hour. The protein-bound
resin was washed repeatedly with lysis buffer. His6
tagged TF was then eluted at 250 mM imidazole
concentration, concentrated using 10 KD Amicon®
Ultra-4 Centrifugal Filter Units (Merck Millipore) in
storage buffer [20 mM Tris–HCl (pH 7.5), 100 mM
NaCl, 1 mM TCEP] and stored at −80 °C with 20%
glycerol.

Gel electrophoresis and Western blot analysis

Ribosome samples with or without bound proteins
were loaded on a 12% denaturing SDS-PAGE gel
and stained with Coomassie blue for visualizing
protein bands. Recombinant proteins PDF,
MetAP, and TF were localized and estimated to
have molecular weights of 20, 30, and 55 kDa,
respectively.
Western blot analysis was performed for ribo-

somes with or without the bound recombinant
protein His6-tagged PDF. Blots were probed with
anti-His antibody (obtained from GCC Biotech,
India). Binding of the secondary HRP-conjugated
anti-rabbit antibodies (Millipore, USA) was analyzed
using ImmunoCruz (Santa Cruz Biotechnology Inc.,
USA).

Mass spectrometry analysis

Mass analysis was performed using 4800 MALDI
TOF/TOF (model 4800; Applied Biosystems, USA)
instrument operated in “reflectron” mode. For MS/MS
analysis, protein bands were excised from the gel and
digested in gel using In-Gel Tryptic Digestion Kit
(Thermo Scientific™). Mass analysis was performed
using a saturated solution of CHCA (α-cyano-4-
hydroxycinnamic acid) in 50% acetonitrile/0.1% tri-
fluoroacetic acid. The MS/MS peaks of the most
intense mass ions were searched against the NCBInr
Database using MASCOT software (Matrix Science
Ltd., London, UK). Peptides werematched to proteins
when statistically significant MASCOT probability
scores (b0.05) were consistent with experimental
MW of the protein.
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Ribosome co-sedimentation assay

Ribosomes (0.24 μM) were incubated with a 60-fold
excess of recombinant proteins (14.4 μM) for 30 min at
37 °C in binding buffers [20 mMHepes–KOH (pH 7.5),
100 mM NH4OAc, 20 mM MgCl2, and 1 mM TCEP]
and [20 mM Hepes (pH 7.5), 50 mM KOAc,
15 mM Mg(OAc)2, 0.1 mM CoCl2] for PDF/TF and
MetAP, respectively. Samples were pelleted through
5% sucrose cushion using fixed angle Thermo
Scientific™ T-890 rotor (173,000g, 4 °C, 7 h) and the
supernatants and pellets were separately collected.
Pellets were re-suspended, and the supernatants were
buffer exchanged in binding buffer and concentrated
using 10 KD Amicon® Ultra-4 Centrifugal Filter Units
(Merck Millipore). The final volumes of dissolved pellet
and concentrated supernatants were kept the same.
Both were then resolved in a 12%SDS-PAGE gel. The
absence of protein bands in the control lanes indicates
that co-sedimentation of a protein occurs only due to
the specific interaction of a protein with the ribosome.
The binding of proteinswas further validated byMS/MS
and was Western blotted in the case of PDF, since
ribosomal proteins S4 and L4 were also of similar
molecular weights as recombinant PDF.

Sample preparation for cryo-EM imaging

For preparation of complexes, all ligand concen-
trations were kept at 30 to 60 fold higher than 70S
ribosomes during incubations to keep the ligand
bound 70S population high.
Co-sedimentation [27] pellet of the 70S–PDF com-

plex was dissolved in PDF binding buffer. Thirty-fold
excess PDF (9 μM) was added and incubated with the
complex at 37 °C for 30 min under constant shaking
condition and then kept on ice until grid preparation.
Sixty-fold excess purified MetAP (48 μM) was

incubated with co-sedimented 70S–MetAP complex
(70S concentration 0.8 μM) in MetAP binding buffer
[20 mM Hepes (pH 7.5), 50 mM KOAc, 15 mM Mg
(OAc)2, 0.1 mM CoCl2] at 37 °C for 10 min under
shaking condition and then incubated on ice until grid
preparation.
70S–MetAP pre-complex (70S concentration

0.4 μM) was incubated with 30-fold excess TF
(12 μM) at 37 °C for 20 min in binding buffer to get
70S–MetAP–TF complex.
To prepare the 70S–PDF–MetAP complex, 70S

ribosome (70S concentration 0.6 μM) was incubated
firstwithPDF inPDFbinding buffer (37 °C, 30 min,with
shaking), and activated MetAP was then added to the
reaction mixture and incubated at 37 °C for 10 min.
The reaction mixture was kept on ice until grid
preparation.
For preparation of the 70S–PDF–TF complex, 70S

ribosome (0.55 μM) was incubated with 60-fold
excess PDF (33 μM) in binding buffer, followed by
activated MetAP and then with TF.
MetAP is activated by incubating it in MetAP
binding buffer at Co2+ concentration 0.05 mM.
Cryo-grids of the 70S–protein complexes were

prepared following standard procedures using Vitro-
bot Mark IV (FEI) [46]. Tedpella Lacey grids were
used for 70S–PDF complexes with a blotting time of
6.5 s. For all other complexes, Tedpella Quantifoil
grids were used with blotting time of 7 s.

Cryo-EM and 3D image processing

Data were collected using 4K × 4K Charged
Coupled Device (CCD) camera with a physical
pixel size of 15 μm (corresponding to a pixel size
of 1.89 Å/pixel on the object scale) on an FEI
(Eindhoven, the Netherlands) Tecnai 300 kV G2
polara field emission gun electron microscope,
equipped with low-dose kit and cryo-transfer holder
at a total magnification of 78,894×. Low-dose mode
(~10e−/Å2) was used during imaging.
Data were primarily processed with SPIDER [47,48]

package (Version: 23.02) where gold standard protocol
[49,50] has recently been incorporated. Power spec-
trum and CTF (Contrast Transfer Function) of each
micrograph were calculated by CTFFIND4 [51]. Micro-
graphs (~200–400 for each data set) with defocus
value in the range of 1 to 4 μm were checked for drift
and astigmatism. Selected micrographs were CTF
corrected by phase flipping, and the phase-flipped
micrographs were used for particle windowing. Parti-
cles were selected based on a fast locally normalized
correlation algorithm [52,53] using a blank 70S
ribosome. Projections of the blank 70S ribosome,
filtered at ~30Å resolution and with desired dimension
and pixel size (as a reference 3Dmap) at uniform Euler
angles, were used to find different orientations of
particle images. Aligned particles were classified by
subjecting them to multivariate data analysis and K-
means classification and were screened class-wise to
make up a clean data set [54–57]. Total numbers of
particles after verification were as follows: ~44,000 for
70S–PDF complex, ~35,000 for 70S–MetAP complex,
~19,500 for 70S–MetAP–TF complex, ~35,000 for
70S–PDF–MetAP complex, and ~20,900 for 70S–
PDF–TF complex. Refinement of the initial 3D volume
was done by dividing the data set in two halves
following the newly developed gold standard protocol
[49] and by iteratively adjusting the angles for finer
resolution. Back projection, conjugate gradients with
regularization (implemented in SPIDER by “BP CG”
command), was used for generating 3D volume during
refinement. Fourier amplitudes of 3D volumes were
enhanced using the x-ray scattering data [58]. To
present the figures, the 30S and 50S subunits and
protein densities were isolated from the amplitude-
enhanced maps following the standard protocol of
difference mapping in SPIDER (https://spider.
wadsworth.org/spider_doc/spider/docs/techs/
diffmaps/isolate.html) or segmentation protocol
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implemented in Chimera [59]. Pymol (DeLano Scien-
tific) and Chimera were used for cryo-EMmap analysis
and preparation of illustrations. ResMap [60] was used
for calculation of local resolution of the maps. Xmipp
[61] image conversion program was used for conver-
sion of micrographs from one format to another.
EMDB Fourier Shell Correlation (FSC) server was
used to show the FSC plots (https://www.ebi.ac.uk/
pdbe/emdb/validation/fsc/).

Molecular modeling

Atomic models of each map were independently
generated using MDFF [62]. We have followed the
procedure described by Trabuco et al. [63]. Briefly,
initial rigid body fittings were done by Chimera or
Pymol. The rRNAcoordinates (PDBs: 30S, 2I2U; 50S,
2I2V) were flexibly fitted into the density maps first.
Then, keeping the rRNA coordinates rigid, the tunnel
bound ribosomal protein coordinates were fitted.
Finally, the ribosomal protein and rRNA coordinates
were kept rigid, and the ligand coordinates were fitted.
Due to lowoccupancies of the ligands inmapsof 70S–
PDF and 70S–MetAP complexes, the ligands were
fitted as rigid bodies in those maps. In the other three
maps, PDFandMetAP coordinateswere fitted as rigid
bodies where only the unstructured loop regions were
kept flexible. Each of the TF domains was allowed to
be fitted as rigid body keeping the unstructured linkers
(connecting the domains) flexible. VMD [64] and
NAMD [65] were used for flexible fitting of crystal
structure co-ordinates into the cryo-EM density maps.
The fitted models of PDF in density maps of 70S–
PDF, 70S–PDF–TF and 70S–PDF–MetAP com-
plexes were compared and found almost identical.
The positions of MetAP models in 70S–MetAP and
70S–MetAP–TF maps were also found to be similar.
However, due to low ligand occupancy, the orientation
of MetAP model in 70S–MetAP map may not be very
accurate.

Accession numbers

Deposition of the cryo-EM density maps and
coordinates in the Electron Microscopy Data Bank
(EMDB) and RCSB data bank has been done. The
accession numbers of the maps are EMD-9750,
EMD-9752, EMD-9753, EMD-9759, and EMD-9778,
and related fitted coordinates of the ligands are 6IY7,
6IZ7, 6IZI, 6J0A, and 6J45, respectively.
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