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Abstract
Co-translational targeting of membrane and secretory proteins is mediated by the universally
conserved Signal Recognition Particle (SRP). Together with its receptor (SR), SRP mediates the
GTP-dependent delivery of translating ribosomes bearing signal sequences to translocons on the
target membrane. Here we present the crystal structure of the SRP:SR complex at 3.9 Å resolution
and biochemical data revealing that the activated SRP:SR GTPase complex bind the distal end of
the SRP hairpin RNA where GTP hydrolysis is stimulated. Combined with previous findings,
these results suggest that the SRP:SR GTPase complex initially assembles at the tetraloop end of
the SRP RNA and then relocalizes to the opposite end of the RNA. This rearrangement provides a
mechanism for coupling GTP hydrolysis to the handover of cargo to the translocon.
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The signal recognition particle (SRP) is a ubiquitous ribonucleoprotein complex that cotranslationally delivers membrane and secretory proteins to the plasma membrane in
prokaryotes and to the endoplasmic reticulum in eukaryotes (1, 2). The SRP targeting
process starts with recognition of a hydrophobic signal sequence on the ribosome-nascent
chain complex (RNC or cargo) by the SRP to yield an RNC:SRP complex. Subsequently,
the RNC:SRP complex associates on the membrane with the SRP receptor (SR). The
binding between SRP and SR induces conformational changes of yet unknown nature that
allow the cargo to be transferred to the protein conducting channel (translocon). The cycle
can be resumed following GTP hydrolysis that drives dissociation of the SRP:SR complex
(1–3).
Both the SRP and SR include components that are structurally and functionally conserved
across the different domains of life (1, 2). In E. coli, SRP comprises of two universally
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conserved components, the Ffh protein (SRP54 in eukaryotes) and the 4.5S SRP RNA. Ffh
contains a methionine-rich (M) domain responsible for high-affinity RNA binding and
recognition of signal sequences (4), a helical N-domain responsible for interactions with the
ribosome, and a Ras-like GTPase (G) domain. The E. coli SR is a single protein, FtsY, that
consists of an N- and a G-domain that are structurally similar to those found in Ffh (5, 6)
and an additional A-domain responsible for interactions with the membrane and the
translocon (7).
When bound to GTP, SRP and SR form a stable complex through extensive interactions
between their NG-domains (5, 6). At the heterodimer interface, a composite active site is
formed in which SRP and SR act as reciprocal activating proteins for one another. GTPase
activation within the SRP:SR complex is achieved by a set of conformational changes in
both proteins that are distinct from those required for their initial complex assembly (8).
Mutations that block GTPase activation severely disrupt protein targeting and translocation
(8), suggesting that conformational changes leading to GTPase activation play an essential
role in the unloading of cargo (5, 9, 10).
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The RNA moiety in the SRP system is essential for cell viability in vivo (4, 11) and for
protein targeting and translocation in vitro (12, 13). The E. coli 4.5S RNA has two
characterized biochemical functions: acceleration of the interaction between Ffh and FtsY
by increasing their complex assembly and disassembly rates, and stimulation of GTPase
activity once a stable SRP:SR complex is formed (13–15). Additionally, the SRP RNA has
been described to act as a platform for conformational changes in Ffh and FtsY following
recognition of the signal sequence by the M-domain (15–17).
Despite extensive prior studies of co-translational protein targeting, several fundamental
questions remain unanswered: how does the SRP RNA stimulate GTP hydrolysis of the
SRP:SR complex, why is this GTPase activation essential for protein targeting, and how is
cargo transfer to the translocon coupled to GTP hydrolysis by Ffh and FtsY. To address
these questions, we solved the three-dimensional structure of the SRP:SR complex with the
non-hydrolysable GTP analog GMP-PCP.

The SRP:SR complex structure
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The prokaryotic SRP:SR complexes were crystallized in the pre-GTP hydrolysis state (Fig.
1, A and B) (18, 19). Stable complexes were assembled using E. coli Ffh1-432, full-length
4.5S RNA from E. coli or D. radiodurans, and E. coli FtsY196-497 in the presence of GMPPCP and the non-ionic detergent C12E8 proposed to mimic a signal peptide (20). Crystals of
the homologous E. coli SRP:SR complex and the heterologous complex containing D.
radiodurans 4.5S RNA were isomorphous, but the latter diffracted x-rays to higher
resolution. After extensive screening, a single crystal of the heterologous complex was
identified that diffracted x-rays better than others and permitted recording of a complete
dataset to 3.9 Å resolution (table S1). These data were used to produce an atomic-resolution
model of the complex. The structure was solved by molecular replacement using high
resolution structures of isolated parts of the assembly, including the NG dimer (5) and the
4.5S RNA domain IV in complex with the M-domain (4). Iterative rounds of rebuilding and
refinement produced excellent electron density maps at 3.9 Å resolution, which allowed
unambiguous tracing of the molecules and placement of side chains and bases for well
ordered parts of the structure (Fig. 1C and fig. S1). The missing parts in previous structures,
specifically the distal portion of the SRP RNA and the connective linker between the NG
and M-domains of Ffh, could be unambiguously identified in the calculated electron density
maps (omit map for the linker helix shown in Fig. 1D). The two molecules in the
crystallographic asymmetric unit form a head to tail dimer with the N-terminus of the
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symmetry related Ffh molecule interacting with a groove on the M-domain of the opposing
molecule defined by portions of the finger loop (excluding residues 354–368) (21) (fig. S2).
Electron density maps for the homologous complex calculated at 7.0 Å resolution, using the
coordinates of the heterologous complex for phasing, revealed that their global structures are
virtually identical (table S1 and Fig. 1A and fig. S3).
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The structure shows an unexpected domain arrangement of the Ffh and FtsY proteins
relative to the SRP RNA. While the M-domain binds near the tetraloop region (also known
as helix 8 or Domain IV) as observed previously (4), the NG heterodimer contacts the
opposite end of the 4.5S RNA (also named helix 5) (22). The linker connecting the Ffh NGand M-domains forms a well defined, 30 amino acids long, helix (Fig. 1, A and D). In
previous studies the linker region was either too flexible to be assigned (21) or was modeled
as an α-helix and a loop structure (23). There has been no clear evidence for a structural role
of the linker helix in previous studies. Interestingly, however, mutations of conserved
residues in the linker region abolish the ability of the SRP RNA to stimulate SRP:SR
complex formation as well as GTP hydrolysis, indicating that the linker is intimately
involved in the function of the SRP RNA (16). In the structure reported here, the linker acts
as a spacer placing the activated NG domains of the Ffh and FtsY at the distal end of the
4.5S RNA. This conformation of the SRP:SR complex has not been detected previously (15,
24), possibly because this configuration of the SRP:SR complex is a transient state that was
stabilized by intermolecular interactions in the crystal. Nevertheless, the functional
importance of this conformational state is strongly supported by the following analyses.

New function of the distal end region of the 4.5S RNA
In addition to the structural data presented here, another clue to the importance of the distal
RNA region is its sequence conservation (Fig. 2A and fig S4). The sequence motif
GUGCCG (bases 83 to 88 in E. coli) can be found in the helix 5 region of most known 4.5S
RNAs (Fig. 2A) and is also conserved in the longer prokaryotic 6S SRP RNA (22). The
secondary structure prediction for this region of the SRP RNA always features a bulged or
unpaired base (Fig. 2A). The conservation of this region is similar to that of the SRP RNA
tetraloop and the region recognized by the M domain (Fig. 2, A and B and fig. S4).
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In our structures, C83 (C86 in E. coli, fig. S5) is positioned close to both GMP-PCP
molecules and interacts directly with both the Ffh and FtsY proteins at regions that regulate
the GTPase activity (Fig. 2C, 4E and fig. S5) (25–27). Two residues from Ffh can form Hbonds with C83, Lys 278 interacts with the phosphate group of C83 and Glu 277 interacts
with the N4 of C83 and the 2′O from GMP-PCP. In contrast, the interaction of C83 with
FtsY is hydrophobic: residues Leu 198 and Phe 137 stack with the base; the latter resides in
the insertion box domain (IBD) motif previously described as essential for GTP binding and
hydrolysis (5, 10, 28). Identical interactions have been described in the Ffh:FtsY NG
domains crystal structure (2CNW) containing GDP:AlF4, in which a peripheral nucleotide
(GMP) was found to bind in the same position as C83 (27) (fig. S6). The superposition of
our NG heterodimer structure with previously determined structures containing GMP-PCP
(1OKK), GMP-PNP (1RJ9) and GDP:AlF4 (2CNW) reveals no large differences in the
GTPase center, within the resolution limits of our structure (5, 6, 25, 26).
The NG heterodimer exhibits an extensive interaction interface with the 4.5S RNA, burying
890 Å2 (Fig. 3A). FtsY is responsible for the majority of these contacts, whereas Ffh
interaction with the distal region of the RNA is limited to two bases, C82 and C83.
However, the M-domain of Ffh is also responsible for the interaction with domain IV of the
4.5S RNA. Taken together, the total surface area buried between Ffh and the 4.5S RNA is
780 Å2, which is similar to the extent of interaction between FtsY and the distal portion of
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the 4.5S RNA (Fig. 3B). These observations explain why FtsY will bind the distal portion of
the 4.5 S RNA as part of the GTP-activated twin complex but not in its free state (Fig. 2C
and 3B). First, the contact to the RNA is mediated by both FtsY and Ffh. Second, the local
concentration of the tethered homodimeric NG domains is very high since they are
connected via the linker region to the M-domain, which is tightly bound to the SRP RNA
(KD of 5 pM) (29, 30).

The SRP RNA distal end specifically stimulates GTPase activation

NIH-PA Author Manuscript

Although earlier work implicated the tetraloop region of the SRP RNA in GTP hydolysis
(13, 15), interpretation of the observed GTPase activity is complicated by the fact that at
subsaturating protein concentrations, the observed GTPase reaction is rate-limited by the
assembly of the complex. Recent studies that more rigorously dissected the complex
assembly versus GTP hydrolysis steps established that the tetraloop is essential for
accelerating SRP:FtsY complex assembly, whereas it affects GTPase activation no more
than two-fold once the GTPase complex is formed (12, 31, 32). To define the RNA site(s)
responsible for stimulating GTP hydrolysis, we systematically truncated the E. coli 4.5S
RNA from the distal end (Fig. 4A, fig. S7, A and B) and tested the effects of these mutations
on the stimulated GTPase reaction between SRP and FtsY. The heterologous complex
involving D. radiodurans 4.5S RNA was not used for biochemical experiments since it
showed significantly lower GTPase activity. This could be either due to small differences in
sidechain positions at the interface of the RNA and activated NG domains, beyond the
resolution limit of our current data, or due to the possibility that the experimental conditions
have been optimized for measuring the activity of the E. coli complex. Truncations of up to
ten base pairs from the distal end did not significantly affect the GTPase rate of the
SRP:FtsY complex at saturating protein concentrations (Fig. 4, B and C, and fig. S7B, kcat).
However, truncation of an additional five base pairs (92mer → 82mer) reduced kcat over
eight-fold to values approaching that observed in the absence of RNA (Fig. 4, B and C, and
fig. S7B). Therefore, the base-paired region C97–C101:G10–G14 at the distal end plays an
important role in the SRP RNA-mediated stimulation of GTPase hydrolysis. Consistent with
these findings, this region provides a major site for docking of the SRP:SR NG domain
complex at the RNA distal end (Fig. 3, A and B).

NIH-PA Author Manuscript

In contrast, the values of kcat/Km in the stimulated GTPase reaction were largely unaffected
unless the SRP RNA was truncated to less than 56 nucleotides (Figs. 4B and S7B). As the
kcat/Km value in this reaction is rate-limited by SRP:FtsY complex formation (18), this
strongly argues that the distal end accelerates the actual GTP catalysis step, but not the
initial SRP:FtsY complex assembly. To provide independent evidence for this possibility,
we directly measured the complex assembly rate constants using acrylodan conjugated at
Ffh-C235, a probe that changes fluorescence upon formation of a GTP-dependent SRP:FtsY
complex (18). SRP:FtsY complex assembly rates were affected no more than two-fold for
RNA truncations up to the 56mer; only with the 43mer a significant defect was detected
(Figs. 4D and S7C). Therefore, the distal end of the SRP RNA specifically stimulates
GTPase activation in the SRP:FtsY complex without affecting the initial assembly of the
complex. Together with previous work (12, 31, 32), these results demonstrate that the SRP
RNA contains two separate motifs that regulate distinct stages of the SRP:FtsY interaction:
the tetraloop end accelerates the initial assembly of the complex, whereas the distal end
facilitates GTPase activation at late stages.
To test the role of the extruded base C86 in GTPase activation, C86 was either removed
(ΔC86) or mutated to A, G or U. Deletion of C86 or its mutation to G reduced the GTPase
rate constant by two-fold, whereas theC86A and C86U mutations reduced GTPase activity
by factors of 7 – 10, to rates approaching that in the absence of the SRP RNA (Figs. 4E and
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S7D). These data support a role of the extruded base in modulating GTPase activity and
explain the conservation of the identity of this base.
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Modeling the conformation of the SRP:SR on the ribosome
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The data presented here, together with previous structural and biochemical studies, shows
that the SRP complex can exist in distinct conformational states depending on the
orientation of the linker between the NG and M domains of Ffh. We propose that these
conformational states represent different stages of the SRP-mediated protein targeting
pathway. Indeed, the large rearrangement of the NG domains from their initial position in
the vicinity of the 4.5S RNA tetraloop as observed in EM and biochemical studies (15, 17,
33, 34) to the opposite end of this RNA suggests a plausible mechanism of transferring the
RNC from the SRP to the translocon. In order to better understand the implications of the
observed conformational changes in the targeting process, we modeled our structure onto the
ribosome using available cryo-EM data (33) (Fig. 5A). The SRP bound to the RNC in the
absence of the SR is in a conformation in which its NG domain is next to the M-domain
with the linker region wrapping around the M-domain (Fig. 5B) (23, 33, 35). We propose
that the structure described here represents the cargo release state of the protein targeting
cycle. Repositioning the NG domains of Ffh and FtsY to the distal region of 4.5S RNA
exposes ribosomal proteins L23 and L29, which constitutes the main translocon binding site.
Therefore, this conformational change simultaneously exposes the signal sequence-binding
cleft of the M domain and liberates the translocon binding region on the ribosome (35–37).
Since the SRP cycle is evolutionarily conserved, we speculate that many of the molecular
features that govern the prokaryotic SRP cycle will also occur in eukaryotes. Upon
comparison of the molecular model in Figure 5 with the cryo-EM density of the eukaryotic
RNC:SRP:SR complex arrested with the GTP analogue GMP-PNP, certain similarities can
be observed (36). Most strikingly, in the eukaryotic complex the density for the NG domains
of the SRP54 and SR proteins (homologous to Ffh) is absent from the tetraloop end of the
4.5S RNA, whereas additional density appears in the distal end of the SRP RNA as observed
in our complex (fig. S8). It is therefore possible that this density originates from the
activated twin NG domains rather than from SR alone, as suggested (36).

The SRP cycle revised
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Based on these data, a mechanism can be envisioned that governs the handoff of substrates
to the translocon and the role of GTP in this process. The initial interaction of free SRP with
the RNC involves binding of the N-domain of Ffh to the ribosomal proteins L23 and L29
(Fig. 6A) as well as interaction of the M-domain of Ffh with the signal sequence, possibly
aided by the linker helix that wraps around the M domain in the RNC-bound conformation
of the SRP (Fig. 6B) (33, 35). In this “RNC pre-organized” state, the Ffh G-domain is
positioned in the vicinity of the tetraloop end of the 4.5S RNA and primed for interaction
with the SR (Fig. 6B) (15, 33–35). Receptor binding is initially facilitated by the RNA
tetraloop (13, 14, 31, 38), which stabilizes an early conformation of the heterodimeric NG
complex through interaction with the SR (Fig. 6C) (5, 10). Subsequent structural
rearrangements in the GTPase complex may reduce the affinity of the RNA tetraloop for the
SR as well as that of the Ffh N-domain for the ribosome (Fig. 6C) (5, 6, 36). Consequently,
the activated NG heterodimer detaches from the ribosome exit site, but stays tethered to the
SRP RNA via the tightly bound M-domain, and relocates to the alternative binding site at
the distal end of the 4.5S RNA hairpin (Fig. 6D). Since the A-domain of FtsY associates
with the translocon (7, 39), repositioning of the NG-domain heterodimer will carry the
translocon towards its ribosome binding site (L23), which is now exposed (Fig. 6D). This
repositioning could also stabilize the linker domain in the extended helical conformation
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away from the M domain, thus exposing the signal sequence-binding cleft for peptide
release to the translocon. Concurrently, the interaction of the activated NG heterodimer with
the distal portion of the 4.5S RNA will stimulate GTPase activity in both Ffh and FtsY,
leading to their dissociation and completing the targeting cycle (Fig. 6D).
The conformation of the SRP in complex with its receptor observed here also explains many
previous observations including the density features observed in the cryo-EM reconstruction
of the eukaryotic RNC:SRP:SR complex (36), and the observation that mutations that
disrupt the conformational changes leading to GTPase activation block late stages of protein
targeting (8). Previous studies also indicated that overexpression of a truncated 4.5S RNA
(domain IV) is capable of sustaining cell viability in a 4.5S depleted strain (4). According to
the model described here, signal sequence transfer would be possible even in the absence of
the distal region of the SRP RNA since the reduced GTPase rate would provide a longer
time frame for the less efficient signal sequence transfer to occur.
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The results presented here, together with previous biochemical evidence (13–17, 20), define
the SRP RNA as a bifunctional molecule acting as a binding platform for the initial receptor
interactions on one end of the 142 Å long molecule and for the activated GTPase domains of
the Ffh:FtsY complex on the other end. Such conformational change provides a mechanism
for the temporal and spatial exchange of large factors that have to access the signal sequence
as it emerges from the ribosomal exit tunnel.
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Fig. 1. Structure of Signal Recognition Particle in complex with its Receptor

(A) Top view of the SRP:SR complex. Ffh is colored in blue, 4.5S RNA in gray, FtsY (SR)
is shown in green. The atoms of the two GMP-PCP molecules are displayed as red spheres.
(B) Side view of the SRP:SR complex rotated 70° relative to the view in (A). N denotes the
N-domain, G denotes the G-domain, M denotes the M-domain, L is the flexible linker and F
denotes the finger loop. (C) Visualization of the 2Fo−Fc electron density contoured at 1σ
and the stick representation of the SRP:SR complex. (D) Side view of the SRP:SR complex
with the contour of a 2Fo−Fc unbiased omit map calculated for linker region residues 300–
330 of Ffh. The linker is displayed as a tube together with the difference density Fo−Fc
electron density contoured at 3σ, shown as green mesh. The 2Fo−Fc electron density for the
entire complex is contoured at 1σ and displayed as gray mesh. The cover radius used for the
figure had a cutoff of 2.6 Å for the 2Fo−Fc and Fo−Fc.
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Fig. 2. Interaction of the Ffh-SR NG domain with a conserved flipped base at 5′-3′ distal end of
the 4.5S RNA

NIH-PA Author Manuscript

(A) Secondary structure of the D. radiodurans 4.5S RNA with conserved residues indicated
in red (sequence alignment displayed in fig. S4). Base pairings are indicated as (−) and noncanonical interactions are indicated as (#), bulged residues are unpaired. (B) Overall view of
the interaction of Ffh and FtsY (displayed as ribbons and colored as in Fig. 1A) with the
4.5S RNA (represented as a contoured surface colored according to the conservation
indicated in fig. S4). GMP-PCP molecules are shown as red spheres. (C) Close-up view of
the interaction of the conserved flipped C83 with the interface of Ffh and FtsY. 4.5S RNA is
displayed as sticks colored in gray with C83 colored in orange. Ffh and FtsY residues that
interact directly with C83 are displayed as sticks and colored as in (B). GMP-PCP residues
are represented as sticks colored with white carbons, red oxygens, blue nitrogens and orange
phosphates.
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Fig. 3. Major contact area of the Ffh:FtsY NG domain with 5′,3′-region of the 4.5S RNA

(A) Surface representation of the SRP:SR complex in the 5′,3′-region of the 4.5S RNA. (B)
Surface representation of the separated Ffh and FtsY (rotate each to one direction) from the
4.5S RNA (maintained in the same orientation as in A). The interface between Ffh and FtsY
is displayed in white in both proteins with GMP-PCP displayed as red spheres. The contact
area of each protein to the RNA is indicated in gray. The FtsY contact area in the RNA is
indicated in green and the Ffh contact area in blue, C83 is indicated in blue but contacted by
both proteins.
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Fig. 4. The SRP RNA distal end specifically stimulates GTP hydrolysis in the SRP:SR complex
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(A) E. coli SRP RNA systematically truncated from the distal end that were used in this
study (see fig. S7A for the sequence of the truncated RNA constructs). The FtsY contact
area in the RNA is indicated in green and the Ffh contact area in blue, C86 is indicated in
blue but contacted by both proteins. (B) Stimulated GTPase activity between SRP and FtsY
with the SRP RNA mutants in part A. The data were fit to the Michaelis-Menten equation,
and the kinetic constants kcat and kcat/Km are summarized in figure S7B. (C) A significant
defect in the GTPase rate of the SRP:FtsY complex was observed upon truncation of the
SRP RNA from the 92mer to 82mer. Rate constants were from part B and normalized to that
of the wild-type SRP RNA. (D) Truncation of the RNA distal end did not significantly affect
SRP-FtsY complex formation rates (kon) until the C loop is truncated (43mer). Values of kon
were derived from figure S7B. (E) Mutation of the conserved base C86 (C83 in D.
radiodurans 4.5S RNA) impairs the ability of SRP RNA to stimulate GTPase hydrolysis of
the SRP:FtsY complex. Rate constants were relative to that of the wild type SRP RNA and
were derived from the data in figure S7D.

Science. Author manuscript; available in PMC 2013 September 01.

Ataide et al.

Page 13

NIH-PA Author Manuscript
NIH-PA Author Manuscript

Fig. 5. Conformation of the SRP and SRP:SR structure on the ribosome showing the large
rearrangement between cargo binding and cargo release modes

(A) The structure of the SRP:SR is superimposed on the SRP:RNC bound structure from
cryo-EM reconstruction (33), with Ffh in the cryo-EM structure omitted. The signal peptide
from the SRP:RNC structure was maintained (red surface) as a reference for the exit tunnel.
The RNC is displayed as a white surface with the protein L23 highlighted in yellow.
SRP:SR are presented as spheres with 4.5S RNA colored with dark gray for phosphate and
ribose and light gray for bases, Ffh is blue and FtsY is green. (B) The cargo binding
conformation of SRP in the SRP:RNC model structure from cryo-EM is indicated as spheres
with Ffh colored in purple.
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Fig. 6. Model of the SRP targeting cycle
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Schematic depiction of the sequence of conformational changes involved in the SRP cycle
(viewed in the membrane plane). (A) SRP recognizes the RNC and M-domain interacts with
the signal peptide (finger loop is indicated in pink). (B) The N-domain interacts with L23
and the linker region folds on top of the signal peptide covering/shielding the M-domain.
(C) SRP bound cargo (RNC) is transferred to the membrane vicinity via SRP interaction
with SR. (D) GTP-dependent rearrangements in the SRP:SR complex enables detachment of
the Ffh N-domain from L23 and the RNA tetraloop, and the NG domain complex relocates
to the 5′,3′-end of the 4.5S RNA sandwiching the C83 (orange arrowhead) at the interface
of the two G domains. This repositioning simultaneously exposes the signal sequence bound
to the M-domain, and the L23 region of the ribosome for interactions with the translocon
(Sec YEG), which is associated with the A-domain of FtsY (black tail). In the final step,
signal sequence is transferred from the M-domain to the translocon and the distal region of
the 4.5S RNA promotes GTP hydrolysis and subsequent Ffh and FtsY dissociation.
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