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Abstract
The signal recognition particle (SRP) GTPases Ffh and FtsY play a central role in co-translational
targeting of proteins, assembling in a GTP-dependent manner to generate the SRP targeting
complex at the membrane. A suite of residues in FtsY have been identified that are essential for
the hydrolysis of GTP that accompanies disengagement. We have argued previously on structural
grounds that this region mediates interactions that serve to activate the complex for disengagement
and term it the activation region. We report here the structure of a complex of the SRP GTPases
formed in the presence of GDP:AlF4. This complex accommodates the putative transition-state
analog without undergoing significant change from the structure of the ground-state complex
formed in the presence of the GTP analog GMPPCP. However, small shifts that do occur within
the shared catalytic chamber may be functionally important. Remarkably, an external nucleotide
interaction site was identified at the activation region, revealed by an unexpected contaminating
GMP molecule bound adjacent to the catalytic chamber. This site exhibits conserved sequence and
structural features that suggest a direct interaction with RNA plays a role in regulating the activity
of the SRP targeting complex.
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Introduction
The two structurally homologous signal recognition particle (SRP) GTPases Ffh and FtsY
play a central role in the assembly of the SRP co-translational protein targeting complex at
the membrane.1,2 Ffh (SRP54) is the component of the SRP ribonucleoprotein that mediates
recognition of the hydrophobic signal sequence of the nascent polypeptide. It contains a
GTPase subunit that assembles in a symmetric GTP-dependent heterodimer with its
structurally homologous GTPase receptor, FtsY (SRα), to effect the subsequent interaction
of the ribosome with the membrane translocon.3

Assembly-stimulated GTPase activity of the two SRP GTPases is reminiscent of the
behavior of other GTPases in the presence of their GTPase-activating proteins (GAPs).4

This “reciprocal GAP” activity occurs in the absence of the SRP RNA,5 but is enhanced in
its presence; the system behaves in a way that suggests that the SRP RNA acts catalytically
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in the assembly of the complex.6 The SRP RNA is bound tightly to the M-domain of Ffh,7

which mediates signal sequence recognition and is linked to the C terminus of the GTPase
domain of Ffh.8 But interactions of the Escherichia coli SRP 4.5 S RNA with the Ffh
GTPase domain in the free state,9 and in the neighborhood of the Ffh:FtsY GTPase domain
interface in their GTP-assembled complex,10 have been demonstrated. That the SRP RNA is
essential for SRP-mediated targeting, and that in vitro it stimulates both the assembly of the
heterodimer and subsequent GTP hydrolysis activity of the GTPase targeting complex,5

raises the possibility that an RNA:protein interaction plays a direct role in the regulation of
the SRP GTPase cycle.

The X-ray structure of the heterodimeric complex of the GTPase domains of Thermus
aquaticus Ffh and FtsY stabilized using the GTP analog GMPPCP11 in the absence of the
SRP RNA12–14 reveals that they adopt an approximately 2-fold symmetric arrangement that
brings their two active sites together to form a shared catalytic chamber at the interface
between them. The GMPPCP-stabilized structure represents a “ground state” of the targeting
complex, before interaction with other components of the SRP and the conformational
rearrangements that deliver the translating ribosome to the membrane translocon.
Subsequent structural and biochemical studies support the notion that multiple structural
states occur along the path from assembly to disengagement of the targeting complex,13,15

and that these as yet uncharacterized structural changes may provide points of regulation.
Indeed, mutagenesis of E. coli FtsY15 has identified residues at the heterodimer interface
that have little effect on assembly but that severely affect the subsequent hydrolysis of GTP
by the complex. The question then arises of how the structural behavior of the GTPase
complex is regulated during targeting and release of the ribosome nascent chain to the
membrane? What interactions allow other components of the SRP targeting machinery to
communicate that cargo has been delivered, stimulating GTP hydrolysis and disengaging the
targeting complex?16

As a first step towards addressing the structural basis for progression from assembly of the
Ffh:FtsY heterodimeric complex to activation for nucleotide hydrolysis, we crystallized the
complex of the NG domains of the SRP GTPases Ffh and FtsY from T. aquaticus in the
presence of Mg:GDP:AlF4. The GDP:AlF4 functions as a putative transition-state analog,17

and has been exploited to determine the structures of other GTPases with their activating
proteins, including Ras:RasGAP,18 Gα:RGS4,19 and Rho:RhoGAP.20 In those systems,
generally, assembly of the GTPase:activating protein complex is required for binding of the
transition-state analog and, conversely, their interaction is stabilized by the transition-state
analog relative to ground-state GTP analogs such as GMPPNP and GMPPCP.21 The
coordination number of aluminum is variable, and is somewhat pH-dependent;22 crystal

structures of both AlF3 and  nucleotide complexes have been taken as representative of
the GTP hydrolysis transition state.19,23–25

We find that the SRP GTPase heterodimer complex stabilized by binding GDP:AlF4 has a
structure that is remarkably similar to that of the complex formed in the presence of
GMPPCP. The crystal structure reveals that the SRP GTPase heterodimer active site
chamber has sufficient plasticity to accommodate two different nucleotide analogs at its
interface, and binding of the transition-state analog is accompanied by small shifts of a
sequestered water molecule and two arginine side-chains buried within the active site
chamber, and small adjustments of two conserved GTPase motifs. In addition, a fortuitous
GMP contaminant is found in this structure bound on the surface of the heterodimer adjacent
to the FtsY active center. It reveals for the first time an external nucleotide interaction site,
comprising several invariant residues from both proteins, that is created at the interface of,
and by the formation of, the Ffh:FtsY targeting complex. Its location suggests a role for
RNA in the regulation of disengagement of the targeting complex.
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Results
In contrast to other well-characterized GTPase: GAP pairs in the presence of the transition-
state analog GDP:AlF4, such as Gαi:RGS4,26 the purified Ffh:FtsY NG domain complex
formed in the presence of GDP:AlFx is less stable than the complex formed using the
ground-state analog GMPPCP (see Experimental Procedures). The binding affinity for T.
aquaticus Ffh NG and FtsY_NGd20 measured fluorometrically (Figure 1) was found to be
~10 nM in the presence of the non-hydrolyzable GTP analog GMPPCP, consistent with
previous measurements.5 The binding affinity for assembly of the two GTPases in the
presence of GDP:AlFx, however, is significantly less, ~2 μM(Figure 1(b)).

The 2.39 Å resolution crystal structure of the GDP:AlF4-stabilized complex of the NG
GTPase domains of Ffh and FtsY was determined in space group P32, with three copies of
the heterodimeric complex in the asymmetric unit. The structures of the three complexes in
the crystal are very similar (see Experimental Procedures) and generally the structure of only
one complex will be discussed. Throughout the text, residues from FtsYare in italic text, and
residues from Ffh are in roman text. The structure has been refined to Rcryst of 0.178 and
Rfree of 0.252 (Table 1). Two interacting Mg:GDP:AlF4 groups are bound within the shared
active site chamber at the interface between the two proteins. The temperature factors of the
active site ligands and water molecules are among the lowest in the structure, consistent with

their being tightly coordinated and sequestered from bulk solvent. The  species is
clearly defined by the electron density (Figure 2(a)).

The GDP:AlF4 transition-state complex structure is similar to that of the GMPPCP-
stabilized state

The structure of the GDP:AlF4-stabilized Ffh:FtsY complex (Figure 2(b)) was compared to
that of the GMPPCP-stabilized complex (PDB code 1OKK).13 The overall structure of the
heterodimer is essentially unchanged, with an RMSD over the N and G domains of both Ffh
and FtsY of only 0.56 Å over 549 Cα atoms. Remarkably, the configurations of the ligands
in the two structures are nearly identical as well. The two nucleotide analogs interact directly
across the heterodimer interface, as in the GMPPCP-stabilized structure, such that the
interactions of the fluorine atoms with the 3′ OH of GDP across the interface, and with the
bound Mg2+ (Figure 2(c)) echo those seen in the ground-state complex. The relationships of
the GDP:AlF4 ligand relative to the motif I P-loop, the backbone polypeptide of motif III,
and the motif II arginine residues Arg138/Arg142, which are buried within the chamber and
flank the polyphosphate chains, are similar to the earlier structure.13

Previously, a superimposition with the Ras:RasGAP:GDP:AlF3 complex (1WQ1), suggested
to us that the GMPPCP:Ffh:FtsY complex active site chamber would not accommodate the
GTP hydrolysis transition state without rearrangement of motif III.13 However,
superimposition on the basis of the ligands in the Ras:RasGAP and GDP:AlF4-stabilized
Ffh:FtsY complex structure reveals that the motif I P-loops are not superimposable (Figure
3(a)), and the SRP GTPase complex active site chamber exhibits sufficient plasticity to
readily accommodate the GDP:AlF4 without steric clash.

There are a number of well-defined water molecules associated with the nucleotides
sequestered within the catalytic chamber; four are in two pairs, reflecting the overall 2-fold
symmetry of the complex, and one is not. Each was present in the GMPPCP complex as
well and is likely to have relevance to understanding the hydrolysis mechanism of these
GTPases. First, a candidate nucleophilic water molecule is evident adjacent to the AlF4
group in all six active centers within the asymmetric unit (Figure 1(a)), and is positioned by
interaction with the carboxylate side-chain of the invariant Asp135/Asp139 of motif II
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(Figure 2(c)). Further, and again echoing the ground-state structure, an “auxiliary water
molecule” positioned between the candidate nucleophile and the side-chains of Glu274/
Glu284, which punctuate the active site at each end,13,14 bridges the interface of the active
site chamber (Figure 2(c)). This auxiliary water molecule occupies a position, with respect
to the nucleophilic water molecule, similar to that of the side-chain carbonyl oxygen atom of
invariant Gln61 in Ras (Figure 3(a)).18,27 Its juxtaposition to the invariant residues Glu274/
Glu284, suggests that it may contribute to activation of the nucleophilic water molecule.

Finally, there is a “central water molecule” sequestered completely within the active site
chamber, that is located between the two nucleotides and the two invariant arginine side-
chains that flank them (Figures 2(c) and 3(b)). This water molecule has no partner, and so is
asymmetric, and it moves relative to its position in the structure of the GMPPCP complex.13

Asymmetry of two buried invariant arginine side-chains (Arg138/Arg142) within the
otherwise very symmetric GMPPCP: Ffh:FtsY complex was noted previously.13 In the
GDP:AlF4 structure, this asymmetry is amplified at the center of the active site chamber
(Figure 3(b)), as the central water molecule shifts by over 1 Å in the direction of the
phosphate groups of the FtsY nucleotide. It no longer makes contact with the Ffh nucleotide
or the Arg142 side-chain. This shift of the central water molecule is the largest that occurs
within the G domains of the two proteins between the GMPPCP and GDP:AlF4-bound
states.

The new configuration of the central water molecule, and its interactions with Arg138,
which itself loses a hydrogen bond to the Ffh γ-phosphate group and forms a new hydrogen
bond to Arg142, is consistent with its playing a role in stabilizing the developing negative
charge during GTP hydrolysis. The central water now bridges what would correspond to the
scissile bond in GTP, hydrogen bonding to the AlF4 F1 and the O3B of the FtsY GDP, as
well as to O2A. FtsY Arg142 forms an additional interaction with the FtsY AlF4, which
corresponds to the leaving group, and could act as a hydrogen bond donor. Two invariant
glutamine residues, Gln144/Gln148, positioned by hydrogen bonds to a magnesium-
coordinated water molecule and the α-phosphate group of each nucleotide (Figure 3(b)),
provide a scaffold for stabilizing the positions of Arg138/Arg142, and thus the central water
molecule, with respect to the phosphate groups of the GTP molecules. Thus, the more
extended conformation of Arg138 is stabilized by a water-mediated interaction via NE to the
motif II backbone and through this same water molecule with Gln144 OE1, while the bent
configuration of Arg142 (towards its own nucleotide) is stabilized by a direct hydrogen bond
with NE to the motif II backbone and interaction with Gln148 OE1 via NH2.

GMP is bound on the surface of the GTPase heterodimer at a common nucleotide-binding
motif

An unexpected electron density feature external to the active site chamber on one side of the
heterodimer complex exhibited a large flat region suggestive of a purine base, and a strong
peak consistent with one, but not two, 5′ phosphate groups (Figure 4(a)). We subsequently
determined that the GDP used in crystallization was substantially degraded, and assign the
feature as a molecule of GMP. It is bound at a crystal lattice contact that is present for each
of the three heterodimers in the asymmetric unit; however, its presence is not necessary for
the crystals to form. The interactions of the bound GMP are extensive, and well defined, the
purine ring, ribose hydroxyl group and the 5′ phosphate group are each contacted by a set of
conserved residues assembled at the complex interface (described below). Its interactions
across the crystal contact, also via the 5′ phosphate group, are non-specific, with two
hydrogen bonds, one water-mediated, to a serine residue in a neighboring complex.

The GMP molecule is bound in a pocket defined by motifs II and III of FtsY and the
invariant Glu274 of the “closing loop” of Ffh,28 and so is surrounded by and interacts with
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highly conserved residues from both proteins (Figure 4(b)). The side-chain of invariant Ffh
Glu274 provides two hydrogen bonds, one direct (OE2 to N1 of the purine ring), the other
water-mediated (main chain nitrogen atom to GMP O6). The adjacent conserved Lys275
interacts with the 5′ phosphate group in two of three complexes in the asymmetric unit. The
side-chain of invariant Glu205, located along the α2 helix following motif III, forms a
hydrogen bond to the GMP 2′ OH. And, at the center of the pocket, the carbonyl oxygen
atom of invariant FtsY motif III Gly194 hydrogen bonds to the GMP 2-amino group (and to
the auxiliary water molecule, see below). This interaction, in particular, by exploiting the 2-
amino hydrogen bond donor, provides apparent specificity for interaction with a guanine
base. Finally, the purine ring is sandwiched by hydrophobic interactions, the conserved
residue Phe141, of motif II (sequence DTFRAGA29), provides π-π stacking interactions on
one face, and invariant Leu202, located along helix α2, packs against the other face. Other
conserved residues contribute to the architecture of the binding site; in particular, invariant
motif III residue Arg195 hydrogen bonds via NH1 to the carbonyl group of Leu202 and to
the Glu205 side-chain OE2, and is itself held in place by an interaction via NH2 to the
carbonyl group of Ala193 (Figure 4(b)). The latter interaction contributes to the external
nucleotide-binding site by stabilizing the backbone conformation of FtsY motif III. Arg195
is one of the residues in E. coli FtsY that, when mutated in the context of the SRP:FtsY
targeting complex, affects specifically the GTP hydrolysis step (Figure 5).

The residues that define the structure of the external GMP binding site, the hydrophobic
pocket between Phe141 and Leu202, the carboxylate interaction provided by Glu205, and
the hydrogen bond of the Gly194 carbonyl oxygen atom, are invariant in the sequences of
prokaryotic FtsY. Such interactions are common to nucleotide-binding proteins; anionic
interaction with a nucleotide hydroxyl group,30–32 and aromatic stacking against a
nucleotide base occur in the DNA repair enzymes,33,34 γ-tubulin,35 the U1A spliceosomal
protein,36 the purine and pyrimidine phosphoribosyltransferases32,37 and aspartyl-tRNA
synthetase.38 Indeed, the binding configuration at the SRP GTPase external nucleotide site is
specifically reminiscent of similar arrangements in crystal structures of the editing complex
of Klenow fragment34,39 and AMP-bound adenine phosphoribosyltransferase (APRT)40

(Figure 6). In the 3′ to 5′ exonuclease active site of the Klenow fragment, the 3′-terminal
base of the single-stranded DNA is positioned between Leu361 and Phe473, and the 2′-OH
interacts with Glu357 (Figure 6(b)). A similar arrangement was observed in an earlier
structure co-crystallized with a single nucleotide bound.33 In APRT (as in other purine and
pyrimidine phosphoribosyltransferases), the base of the nucleoside monophosphate reaction
product is sandwiched between an aromatic residue providing π-π stacking on one face and
a leucine (or isoleucine) residue on the other, with a hydroxyl group coordinated via a
carboxylate side-chain (Figure 6(c)).32,40 In all three systems, the residues that contribute to
these sites are highly conserved; however, their sequence contexts are distinct. Thus, in
APRT, the Glu/Leu pair are neighbors in the highly conserved PRT signature motif,41 while
the aromatic residue (here Phe26) is from a separate domain.

The external GMP site juxtaposes the FtsY active center and an SRP RNA interaction
surface

The highly conserved surface-exposed residues that contribute to the GMP binding site are
coupled to catalytic elements within the active site chamber of the heterodimer. Thus, FtsY
motif II residue Phe141, which packs against the GMP base (Figure 4(b)) is adjacent to
motif II residue Arg142, part of the asymmetric arginine pair buried within the active site
chamber that flanks the phosphate groups of the two active site nucleotides (Figures 2(c),
3(b)). Even more direct is the hydrogen bonding interaction of FtsY motif III residue Gly194
with the 2-amino group of GMP. This glycine is universally conserved in GTPases, and its
backbone orientation plays a direct role in the mechanism of GTP hydrolysis.42 Residues

Focia et al. Page 5

J Mol Biol. Author manuscript; available in PMC 2013 January 08.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Leu202, which contributes the opposite face of the purine base binding pocket, and Glu205,
which hydrogen bonds to the GMP hydroxyl group (Figure 4(b)), occur along helix α2
adjacent to FtsY motif III, corresponding to the “switch 2” region that is conformationally
coupled to interactions at the GTPase active center in other GTPases.43 Invariant Glu274
that extends from the “closing loop” of Ffh provides two interactions with the GMP, at N1
and O6, and, via the auxiliary water molecule, an interaction with the nucleophilic water
molecule at the FtsY nucleotide (Figure 4(b)). The auxiliary water molecule also bridges
interactions of both Glu274 and the FtsY nucleophilic water molecule to the carbonyl group
of the invariant FtsY motif III residue Gly194. Because Glu274 interacts also with the
nucleotide from its own subunit (OE1 to O2′ OH) (Figures 2(c) and 4(b)), an externally
bound GMP nucleotide is therefore in position to interact indirectly with both nucleotides
within the catalytic chamber.

In the assembled Ffh:FtsY heterodimer there are two regions of highly conserved sequence
that are exposed on its lateral face and that can be distinguished from residues that
contribute to the interface itself (compare Figure 7(a) and (b)). The first is defined primarily
by invariant Glu274 of the closing loop of Ffh and residues of FtsY motifs II and III, and
helix α2, and includes the external GMP-binding site, generating what we term the
activation region of the heterodimer interface. The second occurs near the interface of the N
and G domains of Ffh. A patch of highly conserved residues at the junction of the C
terminus of Ffh (which would link to its C-terminal M domain) and its N/G interface (Figure
7(b)) includes the conserved ALLEADV loop of the Ffh N domain between αN2 and αN3,
and generates a cationic surface comprising residues from both the C terminus and the
DARGG motif that follows motif IV.28 Together they provide a somewhat contiguous path
comprised of charged and polar residues that extends from the external nucleotide site
towards the N domains of Ffh and FtsY.

The conserved surface corresponds almost exactly to the surface against which the SRP
RNA must pack, as mapped by a recent site-directed RNA cleavage study of the assembled
E. coli Ffh:FtsY:4.5S RNA complex.10 The 4.5 S RNA interaction extends across the
Ffh:FtsY heterodimer along one face (the “front”) that extends from the activation region
defined here towards the second conserved patch at the Ffh N/G interface and the N domains
of the two proteins.10 The most highly conserved region of the SRP RNA, the motif IV
hairpin,44 can be located to the neighborhood of the activation region, and there are three
sites, one in Ffh and two in FtsY, at which cleavage near the 4.5 S RNA hairpin tetraloop in
the assembled SRP:FtsY complex can be mapped. These residues, corresponding to Ffh
Glu150 and FtsY Thr167 and His200,10 outline the activation region and bracket the
external nucleotide-binding site (yellow spheres in Figures 2(b) and 7(b)).

Discussion
The binding affinity for assembly of the two GTPases in the presence of GDP:AlFx, ~3 μM,
is almost 300-fold lower than for the GMPPCP complex and it is not surprising, therefore,
that the structure reported here does not define a GTP hydrolysis transition-state
conformation of the protein complex, and does not differ remarkably from the GMPPCP-
stabilized structure. It suggests, instead, that the heterodimer has sufficient plasticity to
assemble in the presence of a non-native nucleotide analog pair. And it prompts several
possible explanations for this behavior. First, the transition-state analog bound in this
structure may be a sufficiently poor mimic of the expected trigonal-planar penta-coordinate
GTP hydrolysis transition state that its binding does not reveal an activated conformation of
the proteins. Alternatively, the catalytic state of the complex may not accommodate binding
of a symmetric transition-state species, instead requiring alternate configurations, in effect
reflecting a sequential hydrolysis mechanism. Finally, the structure of the heterodimeric
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complex may not be stabilized for activation of the GTP hydrolysis transition state in the
absence of additional interactions with other components of the targeting machinery (e.g. 4.5
S RNA, ribosome, translocon).

Nevertheless, the changes that are observed, in particular movement of the central water
molecule and the re-configuration of two buried arginine side-chains, provide some insight
into the conformational freedom within the active site chamber of the SRP GTPase
heterodimer (Figure 3). They are suggestive, in addition, of an alternating hydrolysis
mechanism,4,13 as a simple reversal of configuration would shift the central water molecule
closer to the Ffh-bound nucleotide to interact with Arg142 in its more extended
conformation, with Arg138 bent toward the Ffh nucleotide phosphate chain. We propose,
therefore, that the two pairs of invariant residues Arg/Gln internal to the catalytic chamber in
each protein may couple to provide a variable conformational scaffold for stabilizing the
position of the central water molecule and active site arginine residues with respect to the
phosphate groups of the bound GTP molecules.

The observation of a nucleotide-binding site defined by a conserved sequence and
characteristic structural arrangement external to the catalytic chamber at the surface of the
assembled SRP GTPase heterodimer in the vicinity of the active center of FtsY (but not Ffh)
was unexpected. That it constitutes a functionally significant activation region that can play
a role in regulating GTP hydrolysis, and, therefore, disassembly of the SRP targeting
complex, is supported by several lines of evidence. First, highly conserved residues of the
FtsY GTPase sequence motifs II and III are associated with the site, and several residues of
those motifs are directed towards the external activation region rather than the active
center.13 The functional significance of these conserved residues of motifs II and III was
previously unknown. Second, the structural arrangement that defines the interactions of the
activation region is characteristic of nucleotide-binding pockets observed in other such
proteins (Figure 6). These provide a well-defined and extensive set of van der Waals,
hydrogen bonding, and ionic interactions that position a fortuitously present GMP molecule
precisely at that interface (Figure 4). Third, mutations of some of these residues (e.g. FtsY
Arg195)(Figure 5) affect the rate of GTP hydrolysis in the assembled complex but have little
effect on assembly itself15. They therefore must play some role in catalysis, but are directed
away from the active center and poised instead, perhaps, for interaction with external factors
(Figure 4(b)). Fourth, an extensive region of highly conserved sequence extends across the
surface of the complex, forming two patches that span the GMP-binding site at the
activation region and the N/G domain interface along one face of the complex (Figure 7(b)).
Finally, the 4.5 S RNA interaction surface defined by site-directed footprinting studies10

includes the activation region, and the tetraloop sequence of the conserved motif IV of the
RNA, demonstrated to affect GTPase activation,10 is placed, in this model, adjacent to the
external GMP nucleotide-binding site.

Biochemical studies of the effects of SRP RNA on various components and on the formation
and behavior of the Ffh:FtsY targeting complex have shown that SRP RNA, when bound to
Ffh, enhances the association and GTPase activity of Ffh and FtsY,45 and increases
dramatically the rate at which GTP-loaded SRP and SR associate and dissociate.5 The
proximity of an external nucleotide-binding pocket to the active center of FtsY and to both
nucleotides within the shared catalytic chamber suggests the existence of a direct regulatory
interaction between SRP RNA and the active center of the heterodimeric GTPase. This
interaction may be mediated by FtsY residue Gly294 and the side-chain of Ffh Glu274,
which couple the external site to the active site chamber (Figure 4(b)). We infer from the
binding of a guanine nucleotide to the external site that any interaction between the 4.5 S
RNA and the Ffh:FtsY NG heterodimer at that site requires that a nucleotide base be flipped
out. Such configurations are relatively common, as, for example, in structures of the
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conserved motif IVof the 4.5 S RNA alone,46 the SRP RNA complex with Ffh M domain,47

the RNA complexes of the SRP Alu domain,48 and DNA-editing complexes involved in
repair and excision of 8-oxoguanine:adenine mispairs.49,50

Previously, mutations of residues associated with the activation region, in particular Arg195,
have been assayed in the context of the assembled SRP: FtsY complex15 and found to
exhibit deficiencies in GTPase activation. It is possible that these defects, rather than
reflecting a contribution to the chemistry of GTP hydrolysis per se (as in an arginine finger
mechanism51), reflect instead interactions of the activation region with the 4.5 S RNA of the
SRP. In this scenario, at the appropriate moment in the targeting cycle, the RNA then plays a
direct role, yet to discovered, in activating GTP hydrolysis by the Ffh:FtsY GTPase
heterodimer.

Experimental Procedures
Purification of Ffh and FtsY NG domain constructs

The NG domain of T. aquaticus Ffh was expressed and purified as described.12 A vector,
pJGS3, expressing the protein FtsY_NGd20 in which the N-terminal 20 residues of T.
aquaticus FtsY are deleted, was constructed by PCR mutagenesis of pTP8812 using the
QuikChange II Site-Directed Mutagenesis Kit (Stratagene). Constructs were verified by
sequencing at the Northwestern University Biotechnology Laboratory. Protein was
expressed from pJGS3 using the E. coli Rosetta-2(DE3)/pLysS strain (Novagen).
FtsY_NGd20 was purified from heat-treated cell lysates11 by elution from a 5 ml HiTrap
Blue column using a linear gradient of 0–1.0 M NaCl, desalting on a HiPrep 26/10 desalting
column, and elution from a 5 ml HiTrap SP column equilibrated with 10 mM Hepes (pH
7.5), 1.0 mM DTT, using a linear gradient of 0–1.0 M NaCl. The SP fraction was desalted
again, and then passed over a 5 ml HiTrap Q Sepharose HP column equilibrated with 50
mM Tris–HCl (pH 8.0), 1.0 mM DTT, and eluted using a linear gradient of 0–1.0 M NaCl.
The protein was >95% pure as evaluated by SDS-PAGE and stored at −20 °C.

For fluorometric studies a cysteine residue was introduced along helix α3 at position 235 in
T. aquaticus Ffh and the construct expressed and purified as for the native protein. Protein
was prepared for labeling by reducing in the presence of 1 mM Tris[2-
carboxyethyl]phosphine and 50 mM Tris–HCl (pH 8.0) at room temperature, followed by
buffer exchange into 50 mM Hepes (pH 7.5). The protein, at 50 μM in the same buffer, was
labeled by addition of 1 mM 5-((((2-iodoacetyl)amino)ethyl)amino) naphthalene-1-sulfonic
acid (IAEDANS) and incubation at room temperature for 2 h. The reaction was desalted to
remove unconjugated fluorophore, and subsequently purified by anion-exchange HPLC over
a 5.0 ml QSepharose HP column (Amersham-Pharmacia) in 50 mM Tris–HCl (pH 8.0)
buffer, eluted using a gradient of 0–1.0 M NaCl. Labeling was confirmed to be >99% by
measurement of absorbance at 280 nm/336 nm (protein/fluorophore λabs) and by
dithionitrobenzoic acid quantification of free cysteine.

Formation and characterization of the GDP:AlF4-bound complex
Preliminary experiments to assay for the GDP:AlFx-stabilized complex were carried out
with 15 μM Ffh NG and 10 μM FtsY_NGd20 in 50 mM Hepes (pH 7.5), 2 mM MgCl2, 50
mM NaCl in the presence of 2 mM AlCl3, 20 mM NaF, and 1 mM GDP.18 After incubation
at 37 °C for 20 min, complex formation was assayed by gel-filtration chromatography using
a Superdex 75 HR 10/30 gel-filtration column equilibrated with 50 mM Tris-HCl (pH 8.0), 2
mM MgCl2, 50 mM NaCl. Formation of the FtsY_NGd20/Ffh NG domain complex
occurred rapidly and the complex peak could be purified readily by gelfiltration
chromatography. However, in contrast to the behavior with the GTP analog GMPPCP,12
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complex formation did not go to completion and, on incubation of the purified, diluted,
complex sample at room temperature, appreciable dissociation occurred (to ~33% after 2 h,
as measured by the A280 peak heights for the monomeric and heterodimeric species).
Because the KD for the GDP:AlFx-stabilized complex was substantially higher than that for
the GMPPCP-stabilized complex, crystallization screens were set up without prior
purification. By maintaining the concentrations of the two proteins at >250 μM (for Ffh) and
>200 μM (for FtsY), the fraction of complex species was estimated to remain >80% under
the assay conditions. Preparation of the GDP:AlF4-stabilized complex for crystallization
was carried out using 250 μM Ffh NG M294 and 200 μM FtsY_NGd20 in 50 mM Hepes
(pH 7.5), 2 mM MgCl2, 50 mM NaCl, 2 mM AlCl3,20mM NaF.18 GDP was added to a final
concentration of 1 mM, and 440 μl reactions were incubated with shaking at 37 °C for 1 h
before setting up the crystallization trials.

Crystallization and data collection
A diffraction-quality crystal form was obtained by the sitting-drop, vapor-diffusion method
directly from an initial robotic crystallization screen using 1 μl of GDP:AlF4 complex plus 1
μl of reservoir solution at room temperature. A single crystal was harvested from 0.1 M
Tris–HCl (pH 8.5), 25% (w/v) PEG 8000 (Nextal PEGS #46) mother liquor by extensive
dissection of a highly clustered group and transferred to a cryoprotectant solution
supplemented with 10% (v/v) ethylene glycol. Although the crystal cracked on addition of
the cryo-protectant solution, intact shards were mounted quickly in a nylon loop and flash-
cooled in liquid nitrogen. Data were measured at APS sector 32 on a 165 cm MarCCD,
using a wavelength of 0.97625 Å, a detector distance of 150 mm, an oscillation angle of
0.5°. The exposure time was 5 s with an unattenuated beam (BL 32-ID-B). Data were
reduced using MOSFLM52 and SCALA,53 yielding 99.6% complete data to 2.39 Å
resolution with an overall Rsym of 0.101 (Table 1).

Structure solution and refinement
The structure was determined using molecular replacement with PHASER.54 The search
model was a GMPPCP-stabilized heterodimer (1OKK),13 with ligands and water molecules
removed. A solution of three heterodimeric complexes in the asymmetric unit was found
(LLG = 6626). Following initial crystallographic refinement in REFMAC,55 an initial Fo–Fc
electron density map clearly revealed the bound ligands. Solvent structure was built using
ARP/wARP,56 and the ligands placed and the structure built using O.57 The initial Fo–Fc
maps clearly indicated the bound Mg2+GDP group, and indicated that the bound AlFx

species was , not AlF3, as the 2.39 Å resolution electron density map clearly indicated
the square planar geometry (Figure 2(a)). The model consists of three Ffh chains (residues

4–293), three FtsY chains (residues 21, 23, 26–303), six bound Mg2+ GDP:  ligands,
three external site GMP molecules and 621 solvent molecules. The refinement statistics are
summarized in Table 1. The 7.5% difference between Rcryst and Rfree is likely due to
relatively poor diffraction, as reflected in the high overall Rsym. NCS restraints were not
used during refinement. The three complexes are superimposable with an RMSD over Cα
atoms of 0.46 Å and 0.63 Å, respectively, for Ffh (290 Cα atoms) and FtsY (276 Cα atoms),
between complexes 1 and 2 (chains A/D and B/E), 0.65 Å and 0.68 Å between complexes 1
and 3 (A/D and C/F), and 0.65 Å and 0.56 Å between complexes 2 and 3 (B/E and C/F).
These values reflect the relative motion of the N and G domains within each protein pair;58

for example, when the superimposition is limited to the G domains only, for the first pair (A/
D, B/E, above) the RMSD values decrease to 0.17 Å and 0.18 Å for Ffh (182 Cα atoms) and
FtsY (188 Cα atoms). The overall RMSD on Cα atoms relative to the GMPPCP-stabilized
complex structure (1OKK)is ~0.56 Å; for each component of the heterodimer, Ffh and FtsY,
superimposed separately, the RMSD is ~0.45 Å. The largest shifts between the G domains

Focia et al. Page 9

J Mol Biol. Author manuscript; available in PMC 2013 January 08.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



of the Mg:GMPPCP and Mg:GDP:AlF4 structures occur at motif I and III residues Gly108/
Gly112 and Gly190/Gly194, which shift ~0.7 Å and ~0.6 Å, respectively. Models were
superimposed using LSQMAN.59

Fluorescence binding measurements
Fluorometric assembly assays were carried out in the presence 50 mM Hepes (pH 7.5), 50
mM NaCl, 2 mM MgCl2, 0.5 μM nucleotide (GMPPCP, or GDP). The GDP-AlF4 complex
assembly titrations included 0.5 mM Al (NO3)3 and 20 mM NaF. FtsY_NGd20 was titrated
against 0.5 μM IAEDANS-labeled Ffh NG as a 1:2 dilution series. The assays were
incubated for 30 min at 37 °C followed by centrifugation at 1000 g for 5 min prior to
measurement. Assembly was measured by fluorescence resonance energy transfer (FRET)
using a Tecan Safire2 spectrofluorometer (λex = 285 nm (20 nm bandwidth), λem = 550 nm
(10 nm bandwidth)). The assay exploits the presence of three tryptophan residues in FtsY,
each located ~30–35 Å from the fluorophore in the heterodimeric complex, that together
yield a 2.5-fold increase in IAEDANS emission intensity from labeled Ffh upon formation
of its complex with FtsY. Data were analyzed using Prism 4 (GraphPad) following
subtraction for background, and the fractional difference intensity γ =(Iobs−Ifree)/Ifree was fit
by non-linear regression using the binding equation:

where Q is the ratio of the fluorescence intensity of the bound and free probe (IAEDANS-
Ffh NG) and X = [FtsY_NGd20] in the titration.

Sequence analysis
The amino acid sequences of prokaryotic Ffh (52 sequences) and FtsY (23 sequences) were
obtained from the SRPDB,60 and the sequence alignments were inspected and corrected by
hand using INDONESIA (D. Madsen et al., unpublished results). This program then
generated a sequence entropy, defined as S(mi)= −Σcia log pia (where cia is the count of
amino acid residue a at position i, and pia is the probability of amino acid residue a at
position i), at each position in the alignment that was mapped to the B-factor column in the
coordinate file to be plotted onto the molecular surface using GRASP†.

Protein Data Bank accession number
Coordinates and structure factors have been submitted to the PDB with accession numbers
2cnw and r2nwsf.
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Abbreviations used

SRP signal recognition particle

GAP GTPase-activating protein

1,5-IAEDANS 5-((((2-iodoacetyl)amino)ethyl)amino)naphthalene-1-sulfonic acid

FRET fluorescence resonance energy transfer
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Figure 1.
Fluorometric measurement of binding affinity for assembly of the heterodimeric complex.
(a) FRET binding data for assembly of the Ffh:FtsY NG domain heterodimer in the presence
of saturating (500 μM) GMPPCP. The data are fit with two parameters, KD and Q (the ratio
of Ibound/Ifree), yielding a KD of ~9 nM. (b) Binding data for assembly in the presence of 500
μM GDP, 0.5 mM AlNO3 and 20 mM NaF. The data are well fit with a KD of ~3 μM. Note
that the Q values in the two experiments are similar, as expected for assembly of the same
heterodimeric complex. In each experiment, the probe species (IAEDANS-labeled Ffh
E235C) was at a concentration of 0.5 μM, and the titration was carried out over a range of
0–100 μM FtsY_NGd20.
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Figure 2.
Mg:GDP:AlF4 binding within the active site chamber of the complex. (a) An omit Fo–Fc
electron density map for the AlF4 group and nucleophilic water molecule in the Ffh active
center is shown, contoured at 3 σ, along with the GDP, coordinated Mg2+ and the motif I P-
loop. The square planar electron density is well defined. (b) An overview of the heterodimer
structure. Ffh is shown in grey, FtsY in purple, and the domains are indicated. The location
of the active site chamber is defined by the bound ligands, shown in CPK within the
heterodimer backbone. The view is towards the “front” surface of the heterodimer
interface.10 The asterisk (*) in all Figures indicates the location of the external nucleotide-
binding site, adjacent to the FtsY active center. Colored spheres represent residues that can
be located adjacent to the SRP RNA; both are discussed in the text. (c) Hydrogen bonding
interactions between ligands, key active site side-chains and water molecules are shown.
Hydrogen bonds are shown as dotted lines, continuous lines show the magnesium
coordination and nucleophilic water molecule interactions. The magnesium ions interact
with the ligands and invariant residues Thr112/116 of motif I and Asp187/191 of motif III.
Invariant Asp135/139 of motif II interacts with the nucleophilic water molecules. Standard
atom coloring is used for oxygen, nitrogen and phosphorus atoms, magnesium is purple.
Water molecules discussed in the text are labeled: central water (C), nucleophilic water (N),
auxiliary water (A). In all Figures and text, residues from FtsY are shown in italic and those
from Ffh are in roman type.
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Figure 3.
Conformational changes in the GDP:AlF4 Ffh:FtsY heterodimer. (a) The active sites of the
structures of Ras: RasGAP:GDP:AlF3 and Ffh:FtsY:GDP:AlF4 are shown after
superimposition over the nucleotide ligands. The active site of Ffh from the complex
structure is shown (motif I residues 103–111, motif III residues 189–191). The Ras:RasGAP
structure and its ligands are shown in thicker rendering (residues 9–17 and 59–62), with
invariant Gln61 labeled. The superimposition reveals that the configuration of the P-loop (I)
relative to the nucleotide in the Ffh:FtsY heterodimer is shifted compared to its position in
the Ras complex. (b) A comparison of the structures (as stereo images) of the Ffh:FtsY:
Mg:GMPPCP (top) and Ffh:Ftsy:Mg:GDP:AlF4 (bottom) complexes, highlighting
interactions of Arg138/Arg142, the buried central water molecule (larger red sphere) and
Gln144/Gln148 with the active site ligands (see the text). Note the shift of the central water
molecule by ~1 Å between the two structures.
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Figure 4.
The external nucleotide-binding site. (a) Omit Fo–Fc electron density at the external
nucleotide-binding site, contoured at 3 σ (blue) and 7.5 σ (black). The density, located
between motifs II and III of FtsY (below, purple) and the closing loop of Ffh (above), enters
the water-filled channel that abuts the shared active site chamber,13 and is close to both
active site nucleotides (shown “ghosted”). (b) Stereo view of the hydrogen bonding
interactions between the external GMP molecule and residues and water molecules at the
complex interface are shown in an orientation similar to that in (a). Key water molecules are
shown as larger spheres and labeled as in Figure 2(c). Ffh residues are highlighted in grey,
FtsY residues in purple, and motifs I, II and III are labeled. Phe141 participates in π-π
stacking interactions with the purine ring of the GMP molecule (front, center).
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Figure 5.
Features of the complex surface. Mutations of FtsY interface residues that affect assembly
of the complex, and those that do not affect assembly but affect the subsequent GTPase
hydrolysis step,15 are mapped onto the surface of FtsY (gold, assembly defect; magenta,
activity defect). The orientation is looking into the GTPase binding site where bound GTP is
drawn as sticks. Activity defect mutations cluster (at the bottom) near the FtsY active center,
locating residues that likely contribute to the activation region of the complex. The relative
position of the external nucleotide site is indicated with an asterisk (*); however, formation
of that binding site requires assembly of the heterodimer.
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Figure 6.
The external site of the activation region exhibits a common nucleotide-binding structure.
The phenylalanine and leucine “sandwich” interactions that position a bound nucleotide
base, and a conserved acidic residue available to interact with the ribose hydroxyl, are
diagrammed for a diverse set of protein families that bind nucleotides or DNA. (a) The T.
aquaticus Ffh:FtsY:Mg:GDP: AlF4+GMP structure. (b) The 3′–5′ exonuclease site of the
Klenow fragment from E. coli bound to single-stranded DNA (1KFS),39 showing only the
3′-terminal nucleotide. (c) Adenine phosphoribosyltransferase from humans with bound
AMP (1ORE).40
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Figure 7.
Sequence conservation on the surface of the complex. (a) Sequence conservation in FtsY is
represented as sequence entropy mapped as a gradient onto the molecular surface. Regions
with high levels of sequence entropy (low conservation) are shown in pink, and regions with
low levels of sequence entropy (high conservation) are shown in purple. Left: In this view of
the monomer, the highly conserved GTPase sequence motifs that surround the binding
pocket and that form the heterodimer interface interactions stand out. Note the triangular
feature extending above and to the right of the binding pocket that corresponds to the
residues of the “latch” interface of the SRP GTPase complex.13 Right: Sequence
conservation mapping on FtsY shown, from a lateral perspective, towards the “front” side of
the interface. The backbone of Ffh (top) is indicated by a ribbon trace. (b) Sequence
conservation at the heterodimer interface of the Ffh:FtsY complex. The conservation
mapping reveals two outstanding patches of highly conserved sequence on the surface
(indicated by arrows); the first corresponds to the “activation region”, which is the location
of the external nucleoside-binding site (*). The second (upper right) occurs near the
interface of the Ffh C terminus, and the N and G domains. Colored spheres, as in Figure
2(b), mark residues that are associated with SRP 4.5 S RNA binding;10 4.5 S RNA interacts
across this surface of the assembled targeting complex.
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Table 1

Crystallographic statistics

A. Data collection

Space group P32

Unit cell dimensions

 a (Å) 188.69

 b (Å) 188.69

 c (Å) 44.59

Resolution (Å) 14.9–2.39 (2.52–2.39)

R sym 0.101 (0.351)

Completeness (%) 99.6 (99.9)

I/σ(I) 11.7 (3.5)

Redundancy 4.1 (3.7)

B. Refinement

R free 0.252

R cryst 0.178

RMSD from ideal

 Bond lengths (Å) 0.012

 Bond angles (deg.) 1.404

Average B (Å2)

 Protein 30.00

 Ligand 13.00

 Active site water 16.82

 Other water 32.87

Values in parentheses are for the highest resolution shell.
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