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Functional changes in the structure of the
SRP GTPase on binding GDP and Mg?+GDP

Douglas M. Freymann', Robert J. Keenan?, Robert M. Stroud? and Peter Walter23

Ffh is a component of a bacterial ribonucleoprotein complex homologous to the signal recognition particle (SRP)
of eukaryotes. It comprises three domains that mediate both binding to the hydrophobic signal sequence of the
nascent polypeptide and the GTP-dependent interaction of Ffh with a structurally homologous GTPase of the SRP
receptor. The X-ray structures of the two-domain ‘NG’ GTPase of Ffh in complex with Mg?*GDP and GDP have
been determined at 2.0 A resolution. The structures explain the low nucleotide affinity of Ffh and locate two
regions of structural mobility at opposite sides of the nucleotide-binding site. One of these regions includes
highly conserved sequence motifs that presumably contribute to the structural trigger signaling the GTP-bound
state. The other includes the highly conserved interface between the N and G domains, and supports the
hypothesis that the N domain regulates or signals the nucleotide occupancy of the G domain.

The signal recognition particle (SRP) and the SRP receptor
(SR) mediate the co-translational targeting of nascent pro-
tein—ribosome complexes to the membrane translocation
apparatus'. The SRP protein subunit (termed Ffh in bacteria)
that binds the signal sequence of nascent polypeptides is a
GTPase, as is the SR a-subunit (termed FtsY in bacteria)?>.
During targeting, Ffh and FtsY interact directly* and stimulate
the GTP hydrolysis activity of each other>. In eukaryotic sys-
tems GTP binding is sufficient for SRP targeting to the mem-
brane, and GTP hydrolysis is required for subsequent
dissociation of the SRP from SR®®. Ffh is a three-domain pro-
tein, comprising a two-domain GTPase (the ‘N’ and ‘G’
domains for N-terminal and GTPase domains, respectively)
and a C-terminal methionine-rich ‘M’ domain, which mediates
recognition of signal peptide and 4.5S RNA®'!. The affinity of
the SRP GTPase for nucleotide is low relative to other
GTPases'>!3. Interaction of SRP with ribosome-nascent chain
complexes has been shown to increase the affinity of the SRP
for GTP'4, while interaction of signal peptides with purified
Fth—FtsY complex inhibits GTPase activity and may stabilize an
empty state of the protein'>-16.

The crystal structures of the apo-GTPase domains of both
Ffh and FtsY have been determined!”!8, revealing the common
two-domain ‘NG’ structure unique to the SRP subfamily of
GTPases. The G domains of both proteins are structurally
homologous to other GTPases, but are distinguished by an
extension of the central B-sheet by two additional strands and
two a-helices (f2a-ala-p2b-alb; ref. 17), the insertion box
domain (IBD; the substructure atla-p2b-alb has been termed
the I-Box!?). It contains a highly conserved sequence motif (II;
summarized in Fig. 1b) that is unique to the SRP GTPase sub-
family and is implicated in the interaction between Ffh and
FtsY. In the structure of the apo-NG domain of Thermus
aquaticus Fth'7, the side chains of this motif and two other con-
served sequence motifs (I and III; Fig. 1b) form a network of
hydrogen bond and salt bridge interactions among themselves.
This network may serve to stabilize the nucleotide-free state.

The function of the N domain in SRP-SR mediated targeting
is unknown. Interaction between the N and M domains of Ffh
can be detected in chemical modification and proteolysis exper-
iments'""” suggesting that one function of the N domain in SRP
may be to modulate binding of signal sequences'''*-?!. The N
domain is tightly associated with the G domain across an inter-
face that is highly conserved in both domains (the ‘ALLEADV’
motifin N (ref. 21), and the ‘DARGG’ motif in G (ref. 17). This
interface is adjacent in sequence and structure to the character-
istic GTPase motif IV (Fig. 1) that mediates specificity for the
guanine base of the bound nucleotide. In the apo-proteins the
spatial arrangement of the GTPase motifs is ‘too large’ by ~2.5 A
(ref. 18), so that a conformational change must accompany
nucleotide binding. This suggests that the interface between the
two domains may couple the conformation of the N domain to
the GTP-binding site of the G domain, and that consequently
the N domain may sense or regulate the nucleotide occupancy
state of the GTPase in both SRP and SR.

As a first step toward structural understanding of the mecha-
nism of the GTPase ‘switch?? in this system, we determined the
2.0 A resolution crystal structures of the NG GTPase of Ffh
complexed with Mg>*GDP and GDP. The structures provide an
explanation for the relatively low affinity of the SRP GTPases
for nucleotide and identify two regions of conformational flex-
ibility. These regions may be involved in signaling the active
state of the protein and suggest a mechanism by which the N
domain modulates the nucleotide-bound state of Ffh.

Structure of the Mg2*GDP complex

The structures of the Mg>*GDP and GDP complexes of the NG
GTPase of Ffh from T. aquaticus were determined by molecular
replacement (crystallographic statistics are summarized in
Table 1). A new structure of the apo form of NG was also deter-
mined. We compare four structures in this work, termed Al (the
previous apo structure'’), Gl (GDP), A2 (apo) and G2
(Mg>*GDP), that together allow us to assign functional signifi-
cance to the conformational changes observed on binding to
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Fig. 1 a, Stereoview of the structure of the NG GTPase domain. The Ca
backbone of the Mg2*GDP complex (G2) is shown. The ‘N’ and ‘G’
domains and the insertion box domain (IBD), composed of two p-strands
and two a-helices that cap one end of the GTPase fold, are indicated. The
GTPase active site is bounded by four conserved GTPase sequence motifs
I-IV and by an eight-residue ‘closing loop.” The asterisk indicates the
position of the conserved ALLEADV motif at the interface between the N
and G domains. b, Conserved sequence elements in the SRP family of
GTPases. Partial sequences of Ffh (or SRP54) from several species, and of
FtsY from E. coli, are shown. The sequences of motifs I, [ll and IV, but not
motif II, are conserved among different GTPases as illustrated by the cor-
responding sequences from Ras. The sequence motifs I-IV have been
termed G-1 and =1 (motif I), G-2 (Il), G-3 and =2 (Ill), G-4 and =3 (IV) else-
where224, Motif |, also termed the P-loop (GxxxxGKT/S), provides hydro-
gen bonds from main chain nitrogen atoms to the o- and B-phosphates.
Motifs Il and Il are centered around the position of the y-phosphate of
GTP, and provide side chains directly involved in binding and hydrolysis.
In the SRP subfamily, the residues of motif Il (DTQRPAA in T. aquaticus)
form the corner loop between strand 2a and helix a1a of the IBD. At the
opposite end of the binding site, motif IV (TKxD in the SRP) provides spe-
cific recognition by hydrogen bonding between the aspartate and the
guanine base. The DARGG motif, which follows it in sequence, interacts
with the ALLEADV motif at the N/G domain interface.

nucleotide. A stereoview of the Ca.backbone of the NG domain
in the Mg>*GDP complex (G2) is given (Fig. 1a), as well as
‘omit’ difference electron density maps for the two complexes
(Fig. 2). The nucleotide-binding site is bounded by four char-
acteristic GTPase sequence motifs I-IV (Fig. 1b), with the
major specific interactions with the bound nucleoside diphos-
phate mediated by main chain and side chain atoms of motifs I
(the P-loop, residues Gly 105-Thr 112) and IV (residues
Thr 245-Asp 248).

Closure around the guanine-binding site

Several features distinguish the interactions of the SRP GTPase
with GDP from those seen in the structures of other GDP-bound
GTPases. First, opposite motif IV, an additional ‘closing loop’
packs against the guanine base (Fig. 2). The closing loop compris-
es eight residues (Gly 271-Gly 278) that are disordered in the first
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structure of the apo-NG (Al) and includes a conserved sequence
motif in the SRP GTPase subfamily (GxG/SE; Fig. 1b). The side
chain of the conserved Glu 274 is at the apex of the loop but is
poorly ordered in the structures described here. The position of
the closing loop relative to the guanine base is similar to that of a
short conserved motif termed 24 (ref. 23) or G-5 (ref. 24)in other
GTPases, although it shows no similarity to them in sequence or
structure. The loop closes against the nucleotide so that the gua-
nine base is sandwiched by van der Waals interactions between
main chain atoms of residues Ser 273 and Glu 274 on one side,
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Fig. 2 The nucleotide-binding site in the GDP struc-
tures (G2 and G1), and the apo structure (A1). a, In
the Mg2*GDP complex (G2) the B-phosphate is, typi-
cal of other GDP bound GTPase structures?s-27, curled
under the P-loop. The magnesium ion is coordinated
by the side chain hydroxyl of Thr 112, a phosphate
oxygen and four water molecules. The salt bridges
observed in the apo-NG active site are broken, so
that Lys 111 turns toward the bound phosphate and
the side chain of Arg 191 is disordered. b, In the
magnesium-free GDP complex (G1) the B-phosphate
is turned away from the P-loop, motif I, and inter-
acts with highly conserved GIn 144, while the active
site network of salt bridges is restored. ¢, In the apo
structure (A1) (but not A2) the closing loop between
residues 271 and 279 is disordered. The side chains
of Thr 114, Lys 117, Lys 246 and Asp 248 each have
roles in binding the guanine base, but have no spe-
cific interactions in its absence. Electron density
maps were calculated with coefficients (F, - F)o¢.
after omitting the ligands, and are contoured at 30.

and the extended side chain of Lys 246 of motif
IV on the other (Fig. 3a).

In most GTPases the G-5 loop contributes a
highly conserved hydrogen bond to the gua-
nine O6 atom (see Fig. 3b). There is no such
interaction between the guanine base and the
closing loop of the SRP GTPase. Instead, the
guanine O6 forms a hydrogen bond to the
backbone amide of Lys 246, although the
geometry and distance (3.14 A suggest that
the interaction is relatively weak. The buried
guanine N7, however, is hydrogen bonded to a
solvent-inaccessible water that is positioned
by interactions with the side chains of Lys 117
and Thr 114 (Fig. 3a). These residues, which
originate from the a.1-helix, are uniquely con-
served in the SRP GTPase subfamily (Fig. 1)
and contribute to a polar surface at the floor of
the GTP-binding site that contrasts with the
hydrophobic environment of the pocket seen
in most other GTPases (Fig. 3b). The Lys side
chain contributes two additional hydrogen
bonds to the backbone carbonyl oxygens of
closing loop residues Ser 273 and Gly 278.
These serve to organize the base of the closing
loop, so that two flexible elements, the Lys side
chain and the closing loop, bridge the guanine
nucleotide-binding site.

Coordination of the magnesium ion

The positions of the nucleotide phosphate
groups and the octahedral coordination of the
magnesium are well defined in the electron
density map (Fig. 2a). The coordinating lig-
ands for the Mg? ion are supplied by the O3
B-phosphate oxygen of the bound nucleotide,
the side chain hydroxyl of motif I residue
Thr 112, and four water molecules, and are
typical of the coordination of Mg>*GDP seen
in other GTPases®?’. A secondary coordina-
tion sphere is contributed by oxygens of the
a- and B-phosphates, three additional water
molecules, and the side chains of Gln 144 and
Asp 187.
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Fig. 3 Comparison of the GDP-binding interactions in
Ffh (G2) with those in Ras (4921). a, In Ffh, the ‘clos-
s ing loop’ wraps around Lys 117 and forms van der
I 7 \Waals contacts with the guanine base. Lys 117 and
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Comparison with the apo structures reveals that the protein
undergoes several small adjustments in this region on binding
Mg*GDP. The p-phosphate is accommodated in the P-loop by
small backbone shifts (~0.6 A) that enable formation of several
amide-phosphate hydrogen bonds and coordination of the magne-
sium by the side chain hydroxyl of Thr 112. The effect of these
movements is a subtle opening of the motif I P-loop, resulting in
both a small rotation of the al-helix and a small displacement at
the beginning of motif I. In addition, recruitment of motif I Asp
187 to the magnesium site releases the salt bridge with Lys 111,
allowing the Lys side chain to flip around and position its NT 3.15 A
from the p-phosphate oxygen (compare Fig. 2a and c¢). Finally,
movement of the motif I main chain is coupled to movement of
motif Il by a hydrogen bond maintained between the amide nitro-
gen of GIn 107 and the carbonyl oxygen of Arg 191 (Fig. 4¢).

Response of the motif Il loop to Mg?* nucleotide

These small shifts, and rearrangement of the water structure in the
active site, contribute to the disruption of the salt bridge between
motif ITT Arg 191 and motifIT Asp 135 (Fig. 2a). Although there are
small shifts in the motif III loop in each of the structures deter-
mined, in the Mg>*GDP complex the disruption of these side chain
interactions is accompanied by a significant and striking destabi-
lization of the main chain atoms of the motif II loop. This is evi-
denced by elevated temperature factors throughout the motif II
(Fig. 4a), and residues Thr 136-Pro 139, in particular, are located
in very weak electron density. Thus, the network of side chain inter-
actions observed in the apo-NG active site is completely disrupted
by binding Mg>*GDP, and binding interactions local to the P-loop
destabilize main chain atoms 9—12 A away. Strikingly, the disorder
is local to the motif IT loop; the remainder of the IBD (which com-
prisesresidues 128—181) remains essentially unchanged on binding
Mg**GDP (Fig. 4b).
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Interestingly, the conformation of the conserved Gly 190 of
motif I1I is also directly affected by the disruption of the active site
side chain interactions. This Gly is universally conserved in
GTPases and appears to be critical for positioning the y-phosphate
of bound GTP. In the apo structures of the NG domain the car-
bonyl oxygen of Gly 190 is hydrogen bonded to the side chain of
Arg 191 (Fig. 4¢). In the Mg?*GDP complex structure the hydrogen
bond is disrupted as the side chain of Arg 191 becomes disordered.
This frees the Gly residue and allows its oxygen and amide nitrogen
atoms to orient toward the active site in a movement accompanied
by a~1.0 A shift of the Co atoms of Gly 190 and Arg 191 (Fig. 40).

The crystallization conditions and crystal packing interactions of
the second apo-NG crystal form are identical to that of the
Mg>*GDP form. Nevertheless, in that structure the characteristic
‘apo’ active site side chain interactions are present and the residues
of motif IT are well defined in the electron density map. We con-
clude from this that the disruption of the network of active site side
chain interactions observed in the Mg>*GDP structure, and the
corresponding disorder of the motifs IT and III, are specific to the
Mg*GDP-bound state.

The orientations of the N and G domains change

The structures of the apo and GDP complexes of the NG domain
reveal two essentially rigid structural elements in the SRP
GTPase. The first element comprises the a-helices of the
N domain four-helix bundle (and the C-terminal helix that
packs against it), which form a tightly packed hydrophobic core.
The N domains of the different structures superimpose with root
mean square (r.m.s.) shifts on Ca atoms of ~0.4 Abetween each
pair. The second element is built around the B-sheet of the G
domain and comprises the central $-sheet and the helices most
distant from the N-domain that pack against it (the IBD, and
helices a1 and a2). This core region of the G domain superim-
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Fig. 4 Functionally important flexibility in the structures of the NG
domain. a, The motif Il corner of the IBD is destabilized upon binding
Mg2+GDP. Crystallographic temperature factors are mapped onto the Ca
backbone of G2, using a color gradient that ranges from blue (corre-
sponding to a B-factor of 10 A2), to yellow (70 A2). The main chain atoms
of motif Il (residues Thr 136-Ala 140) show substantial disorder, as do the
amino-terminal residues of helix a2, which follow motif lil. b, The interface

135

between the N and G domains is flexible. The four structures of the Ffh NG (A1, G1, A2, G2) are superimposed over the core of the G domain. The mag-
nitude of the shift relative to the apo (A1) structure is mapped onto the Ca backbone of each, using a color gradient that ranges from blue (<0.01 A
shift) to yellow (2.5 A). Note that the G domain, particularly the 50 residues of the IBD (at right in the figure), is fairly rigid. The shift in position of the
N domain accompanies movement of the motif IV and the ‘closing’ loops toward the bound nucleotide. ¢, Disruption of three hydrogen bonds of the
Arg 191 side chain frees Gly 190 in the Mg2*GDP complex. Backbone atoms of motifs I, Il and Ill in the apo and Mg2*GDP complex structures are super-
imposed, along with the hydrogen bonded conformation of the Arg 191 and Asp 135 side chains seen in the apo structure. The hydrogen bond (upper
left) between main chain atoms of motifs | and Ill is maintained in each structure and may help position the two motifs. d, Transition of helix a3
between a- and 3;p-conformations. The main chain atoms of helix a3 in its ‘GDP’ 3;¢/a. conformation are shown superimposed on a Co. diagram of the
shorter ‘apo’ a-helical conformation. The N-terminal 3, hydrogen bonding pattern is indicated, as are the two water molecules that interject into the

helix. Several highly conserved side chains are shown; Asp 42 of the ALLEADV motif forms a hydrogen bond with the backbone amide of GIn 224.

poses with r.m.s. shifts on Coratoms of ~0.3-0.5 Abetween each
pair of structures.

These two structural elements are connected across a highly
conserved, flexible interface that allows the N and G domains to
move during binding and release of nucleotide (Fig. 4b). The flex-
ibility can be described as a rolling movement of the N domain,
approximately along the axis of the helix aN4, which, in the
Mg?*GDP structure, translates the distal end of the N domain by
~2.5 Arelative to its position in the apo structure Al (Fig.4b). The
a4- (DARGG-) helix of the G domain moves with the N domain
so that the N-terminal end of the helix shifts by ~1.5 A. A
hydrophobic interface comprising highly conserved residues of
the ALLEADV and DARGG motifs (Fig. 1b) serves as the ‘glue’
between the two domains. Water-mediated hydrogen bonds
between the N-terminal end of the a4-helix and Asp 250 couple
the a4-helix shift to a translation of the motif IV/DARGG loop

nature structural biology * volume 6 number 8 « august 1999

(residues Gly 249-Gly 253; Fig. 1b), resulting in movement of the
side chain of motif IV Asp 248 ~1.5 A into the active site.

G domain helix a3 is adjacent to this domain interface and
accommodates the structural flexibility between the N and G
domains by switching to a 3;-helical conformation halfway
along its length in the nucleotide-bound state. This conversion
lengthens the helix relative to the a-conformation observed in
the apo (Al) structure (Fig. 4d) and allows the highly conserved
a3 N-terminal residues Gly 223 and Gln 224 to move with the
a4-helix while the C-terminus of the helix remains fixed relative
the core [3-sheet. The switch is aided by the interjection of two
water molecules after residue Ser 228 and appears to be driven by
the increased twist in the core -sheet of the G domain and by a
hydrogen bond maintained between the N-terminus of helix a3
and the highly conserved Asp 42 of the ALLEADV motif of the N
domain. Several other conserved side chains located near the
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Fig. 5 Cartoon summarizing T
the structural consequences "
of binding of Mg?*GDP and ||| I
GDP to NG. The three struc-
tures suggest a pathway for
stepwise release of Mg?* and
GDP. GTPase sequence motifs
I, Il and Il interact with the
magnesium and phosphate
groups. On release of Mg?*
(or perhaps Mg2+P)) they can
form a network of hydrogen e
bonding interactions that M
stabilizes the nucleotide-free g
protein. GIn 144 is adjacent

to the active site and can

hydrogen bond the B-phos-

phate of the product GDP, /
thereby opening up the

active site for

|—l

I"r lII

Mg:**(,m'
complex
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release. The closing loop, \ /~
depicted at the bottom of \ v |||

the active site, packs against —

the bound nucleotide buton (7P “-—7—-’
nucleotide release moves (.'omple_r

away and becomes disor-
dered. The position of motif
IV, which provides recogni-
tion of the guanine base, is
coupled to the position of
the N domain. The concerted
action of the four elements
presumably allows regula-
tion of binding and release,
and can explain the low
nucleotide affinity of the SRP
GTPase.

apo

domain interface, including that of Arg 252 and Gln 224, do not
appear to make specific interactions.

Structure of the GDP complex

The SRP GTPase can bind GDP in the absence of magnesium
with only a relatively small change in binding affinity'? (D.M.F,,
unpublished data). The structure of the magnesium-free GDP
complex is similar to that of the Mg»GDP complex, but not
identical, as a small reorientation (~0.5 A shift) of the GDP rela-
tive to its position in the Mgz*GDP complex is accommodated by
looser packing of the closing loop against the guanine base. The
most striking difference, however, is that the f-phosphate of the
GDP does not interact with the motif I P-loop (Fig. 2b). Instead,
the B-phosphate is positioned 4 A from the P-loop by a ~140°
rotation around the O5'-Pa bond, and interacts with the side
chain of Gln 144 extending from helix ala of the IBD. Both the
phosphate group and the glutamine side chain are well defined
in the electron density map, and the phosphate O3B oxygen
clearly forms a hydrogen bond to the Gln side chain (Fig. 2b). A
water molecule is located in the P-loop near the position that
would otherwise be occupied by the -phosphate. Remarkably,
the network of active site side chain interactions characteristic of
the apo-NG is maintained in the GDP complex (Fig. 2b).

Gln 144 is universally conserved in the SRP GTPase subfamily
(Fig. 10). In the Mg>*GDP complex Gln 144 is poorly defined in
the electron density map but is in position to hydrogen bond to
waters coordinating the magnesium ion. Its unique interaction
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with the rotated -phosphate in the absence of magnesium sug-
gests that it may have an important role in nucleotide binding or
exchange. We are aware of three other GTPase structures with
GDP bound in the absence of magnesium?-3; none reveals the
shift in the position of the B-phosphate group observed in this
structure.

The apo-NG reveals intrinsic domain flexibility

The new apo structure also reveals an intrinsic flexibility of the N
and G domain interface. In this structure the orientation
between the N and G domains is more similar to that observed in
the GDP and Mg*GDP complexes than to the apo structure Al
(Fig. 4b), although the side chain of motif IV Asp 248 is still ~1 A
from a position in which it could contribute to the nucleotide-
binding site. The closing loop is also visible and has a conforma-
tion close to that observed in the GDP-bound structure, G1 (Fig.
4b). The interface between the two domains is found in slightly
different conformations in the structure of the apo intact Ffh
(which includes the C-terminal M-domain®') as well. These
observations suggest that different conformers can be trapped by
crystal packing forces, and support the proposal that the struc-
tural relationship of the N and G domains of the SRP GTPase is
dynamic.

Implications for nucleotide release

The three new structures of the NG GTPase can be interpreted as
snapshots of hypothetical final stages in the GTPase cycle in which
the GDP form lacking Mg?* represents an intermediate in product
release (Fig. 5). In this way they allow us to begin to address the
mechanism of nucleotide release in structural terms. After hydrol-
ysis of GTP, Ffh disengages from its receptor and exchanges GDP
for GTP to initiate another round of targeting. Unlike many other
GTPases that require a separate nucleotide exchange factor, the
SRP GTPases have a low affinity for GDP in vitro. Moser et al."®
have suggested that the SRP GTPases possess an ‘intrinsic
exchange activity, and propose that the IBD, which is unique to
the SRP GTPases, provides this functionality. The structures
described here, however, show that there is minimal structural
rearrangement within the IBD on binding Mg**GDP, and suggest
that the IBD is unlikely to function as the primary exchange factor
in the SRP GTPase. Rather, the structures identify at least four dis-
crete structural features of the protein that together may con-
tribute to nucleotide release. These include the active site side
chain hydrogen bonding network, Gln 144, the closing loop, and
the flexibility of the interface between the N and G domains.

The well-ordered interactions between the conserved active site
side chains observed in the apo form of T. aquaticus Fth appear to
be unprecedented in the GTPase superfamily. Indeed many
GTPases are unstable in the absence of nucleotide?. The interac-
tions involve universally conserved residues of motifs I, IT and III,
and so are likely to be functionally significant in the mechanism of
the SRP subfamily of GTPases. These interactions could stabilize
the apo form of the protein and therefore help to drive
nucleotide exchange.

Likewise the conformation of the B-phosphate in the magne-
sium-free GDP complex is novel for GTPase structures. The Gln
residue that interacts with the B-phosphate, Gln 144, is invariant
in the SRP GTPase subfamily, and could play a key role in facili-
tating nucleotide release. Hydrolysis of GTP generates a phos-
phate molecule that must separate from the nucleoside
diphosphate. In the complex of the GTPase G;,; with GDP and
P, the phosphate is accommodated by a 1.2-1.7 A shift of the
G;,, switch II main chain (corresponding to motif III of the SRP
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Table 1 Data collection and refinement statistics

Mg2*GDP (G2) GDP (G1) apo (A2)
Space group P4;2,2 Q2 P2,2,2,
Unit cell (A) a=b=100.07, a=110.42, a=73.31,b=99.01,
c=73.49 b =54.22, c=58.46, f = 119.62° c=99.83

Resolution (A) 2.03 2.02 2.30
Reym (%)12 8.9 (39.6) 7.2 (28.4) 7.2 (41.7)
Rineas (%)3 9.6 (42.5) 9.4 (34.5) 8.1 (46.9)
Completeness (%) 100.0 (100.0) 93.0 (92.8) 98.6 (98.6)
Redundancy 8.0 (7.8) 3.2 (2.9) 4.7 (4.6)
Average I/o(1) 18.2 4.7) 12.9 (3.6) 14.9 (3.3)
Number of reflections F > o(F) 22,424 16,898 28,595

(test set) (1,838) (1,320) (2,319)
Reryst (%)* 18.9 (24.2) 20.0 (30.9) 19.9 (26.2)
Riree (%)% 25.0 (26.3) 29.1 (35.1) 22.5 (28.1)
No. of protein atoms 2,267 2,261 2,267
No. of GDP atoms 28 28 -
No. of water molecules 166 72 106
Average B-factor (A?)

N domain 20 52 32

G domain 26 35 37

GDP 27 29 -

Water molecules 29 43 39

Walue in parentheses is in the high resolution bin.

2Rym = 2l - <Iy> |/ = 1,, where <I;,> is the average intensity over symmetry equivalents.
3Rmeas IS the Ry, corrected for observation redundancy as described by Diederichs and Karplus*®.
Reryst = ZIF, - Fl / 2 Fo. Riree Was calculated for a test set of reflections (8%) omitted from the refinement.

GTPase, Fig. 1b), relative to its position in the presence of a GTP
analog®. It appears that the protein adjusts to accommodate the
released phosphate, presumably to shuttle it away from the active
site during the catalytic cycle. The structure of the NG GTPase in
complex with GDP suggests that the SRP GTPase accomplishes
the same goal differently. Upon hydrolysis of GTP the protein
could adjust its conformation to recapture the stable empty state
while allowing the B-phosphate group of the product GDP to
swing away toward conserved Gln 144, thus relieving the steric
constraints by movement of the nucleotide phosphate rather
than by rearrangement of the protein structure itself.

A third element, the closing loop, is flexible and may also con-
tribute to nucleotide exchange. Studies of the Mycoplasma
mycoides Ffh reveal that the closing loop is protected from prote-
olysis in the presence of nucleotide but is sensitive to cleavage,
and presumably poorly ordered, in its absence®. The structures
described here reveal that the closing loop, which is disordered in
the absence of nucleotide (Al), becomes ‘latched’ to the binding
site by hydrogen-bonding to the highly conserved Lys 117 of the
al-helix in the presence of Mg?*GDP. The interaction between
these structural elements may allow them to act as a ‘gate’ on the
active site, promoting nucleotide exchange when open and pro-
viding binding interactions when closed.

The N and G domains interact across a conserved interface
that allows the domains to move several angstroms relative to
one another upon binding to GDP. The motion involves both
longitudinal and transverse rotation of the N domain as well as
translation of the tightly held DARGG- (04-) helix (Fig. 4b). The
latter is directly coupled to movement of the motif IV loop into
the active site. This conformational change could provide a con-
trol point for nucleotide exchange, as restriction of movement of
the N domain would clearly prevent the formation of the hydro-
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gen bonds between Asp 248 and the guanine base. In this way the
N/G interface could allow regulation of nucleotide exchange by
prying open the active site (‘guanine side first’3*%), with the
remaining elements acting to unlatch the binding site or stabilize
the empty state in concert.

Signaling the nucleotide bound state

Many residues in the N/G interface are highly conserved in the
SRP GTPases. The structural relationship between the two
domains is critically important for function in protein targeting,
as substitution of any of the hydrophobic residues in the
ALLEADV motif has an effect on signal sequence binding?'. The
presence of additional conserved residues on the protein surface
surrounding the domain interface (Fig. 10) also hints at its func-
tional importance; however, many of those conserved residues,
including Asp 40, Arg 252 and Gln 224, reveal no specific or
well-ordered interactions in the structures described here.
Interestingly, in the crystal structure of the intact Ffh this
region of the protein is close to one of the observed contacts
between the NG and M domains?!. Since this surface would be
sensitive to the relative orientation of the N and G domains, it
may be ideally suited to allow the nucleotide-bound state of the
G domain to be regulated by, or be signaled to, the M domain of
Ffh or another component of the SRP pathway, including the
SRP RNA or the receptor, FtsY.

The regions corresponding to motifs I and IIT of various
GTPases are typically disordered or highly mobile when GDP is
bound but form a well-ordered structure in the GTP complex,
the conformation of motif III being almost superimposable
between different GTPases®?. The position of the Gly residue of
motif III appears to be critical for GTPase activity. In the apo-
and GDP structures of the SRP GTPase, Gly 190 of motif III is
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locked into an ‘apo’ conformation by a hydrogen bond with
Arg 191 (Fig. 4d), but is released to orient toward the active site
in the Mg>*GDP structure following disruption of the active site
network. This suggests that, like the motif IT and III side chains,
Gly 190 is also sequestered from the active site in the apo-Ffh
and is released to interact with nucleotide by a switch mecha-
nism unique to the SRP GTPases.

Interestingly, it is also in precisely the region of motifs II and
III that a comparison of the structures of the apo-G domains of
Ffh and FtsY reveals substantial conformational difference. A
solvent-exposed hydrophobic surface!” between motif I, the
motif III loop, and helix a3 is preserved in each of the
T. aquaticus NG structures and in the structure of 7. aquaticus
Ffh. Its collapse, seen in the structure of Escherichia coli FtsY,
may well be an artifact due to the relative thermal instability of
the E. coli protein in the absence of a binding partner. This
would explain why the stable pattern of hydrogen bonding
interactions between the conserved active site residues of the
structures described here is not also found in the apo E. coli
FtsY structure, and is consistent with a conformational free-
dom in that part of the protein.

Mobility of the motif II and III loops is reminiscent of the
common mechanism by which GTPases utilize the conforma-
tional change of the motif III-a2 region to signal the ‘active’
GTP-bound state. The disorder observed in the SRP GTPase
motif IT and motif III loops triggered by binding to Mg**GDP
may therefore be characteristic of a common feature of GTPase
mechanism?3? and may reflect a (possibly transient) interme-
diate between the Mg>*GTP bound and empty states. This sug-
gests that these residues, well ordered in the apo-protein,
undergo a large conformational change on binding nucleoside
triphosphate, and that this change is triggered by the disrup-
tion of the hydrogen bonding interactions between the residues
of motifs I, II and III during accommodation of the Mg>*GTP
in its binding site. These residues will then be freed to function
in GTP hydrolysis and may communicate the GTP-bound state
between the SRP and its receptor SR.

Methods

Crystallization. The NG domain fragment of T. aquaticus Ffh was
purified as described'. Protein was concentrated to ~30 mg ml~
(~1 mM) in water using a Centricon 30 (Amicon). Concentrations
were determined using the Bradford protein assay (Biorad) stan-
dardized by quantitative amino acid analysis. GDP (Boehringer)
was repurified by anion exchange HPLC before use. For the
Mg2+-free GDP complex (G1), GDP was added to the protein to
give a final concentration of 2 mM GDP, and crystals were grown
by sitting-drop vapor diffusion against a reservoir of 35% (v/v)
dioxane. For the Mg?*GDP protein complex (G2), GDP was added
to protein at 13 mg ml' (~0.4 mM) to a final concentration of 1.2
mM; then 50 mM CdSO, was added to a final concentration of 5
mM. Crystals were obtained by sitting-drop vapor diffusion over
10% (w/v) PEG 8000, 0.1 M sodium cacodylate, pH 6.5, 0.2 M mag-
nesium acetate. Crystals of the apo-protein (A2) were obtained
under the same conditions, but omitting GDP.

Data collection. Data sets were obtained from single crystals
mounted in rayon loops and frozen in a cold N, gas stream3®. A
20% (v/v) ethylene glycol cryoprotectant mother liquor was used
for each crystal. Data from the GDP (G1) complex were measured
using an RAXIS IV image plate system mounted on a Rigaku rotat-
ing-anode source with MSC mirrors. Data from the Mg2*GDP (G2)
and apo (A2) crystal forms were measured at SSRL beamline 7-1
using a MAR 30 cm image plate. The cryoprotectant mother liquor
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was supplemented with 2 mM GDP when mounting the G2 crystal
form. Data sets were processed using DENZO and SCALEPACK3?
with no sigma cut-off (Table 1). The molecular packing of the G1
crystal form is closely related to that of the previously published
apo-NG (also space group C2, but different crystallization condi-
tions)'7. The G2 and A2 crystals grow from essentially identical
conditions but belong to different space groups with very similar
molecular packing arrangements. Crystallographic four-fold sym-
metry in the G2 form corresponds to a pseudo-four-fold in the A2
form, which has two-fold noncrystallographic symmetry.

Structure solution and refinement. The published structure of
the apo-NG (A1) (PDB accession number 1ffh)!? provided the initial
model for molecular replacement solutions of the G1 and G2 crys-
tal forms using AMORE38. For the A2 crystal form (which has two
monomers in the asymmetric unit) a model of the G2 structure
without ligands was used, and yielded two distinct solutions. The
models were subjected to cycles of positional and slow-cooling
refinement using X-PLOR3?. The dimer in the asymmetric unit was
refined using strict noncrystallographic symmetry (NCS) restraints.
Electron density maps were calculated using X-PLOR and inspected
using O (ref. 40). Initial (2F,- F.)¢. maps calculated using the mole-
cular replacement solutions clearly revealed the positions of active
site ligands, water molecules, and the eight-residue ‘closing loop’
not located in the initial apo-NG (A1) crystal structure'’. A bulk sol-
vent correction®! allowed inclusion of all data from 20 A to the
high-resolution limit during refinement and map calculations.
Refinement statistics are presented in Table 1. The structural mod-
els include residues 1-294 (A2, G2) and residues 2-294 (G1) of the
T. aquaticus Ffh sequence. There are no Ramachandran outliers?,
and the r.m.s. deviations from ideality are 0.011 A, 0.013 A and
0.019 A for bond lengths, and 1.575°, 1.032° and 1.065° for bond
angles, respectively, for the G1, G2 and A2 structures. During
refinement the target bond length for oxygen atoms coordinating
the Mg?* in G2 was 2.06 A (ref. 43), but the energy was set artifi-
cially low so that the distances were free to adjust. Several mole-
cules of the cryoprotectant ethylene glycol were located in each of
the structures. One cadmium ion per monomer could be clearly
identified in the G2 and A2 crystals; it mediates a crystal packing
interaction by coordinating side chain oxygens of two Glu residues
from one monomer and a Glu and Asp residue from the other.
Finally, in the A2 structure of the apo-protein a peak interpreted
as sulfate was located bound at the motif | P-loop.

Analysis. The least-squares superpositions of the NG structures
were calculated using LSQMAN®%. The overall best fits between the
structures of the NG GTPase and the GTPases Ras and FtsY (PDB
accession numbers 4921 and 1fts, respectively) were determined
using the ‘BRute’ option in that program. The least-squares super-
positions of the conserved P-loop structure (residues 101-116 in
T. aquaticus NG) were then readily obtained and formed the basis
for the structural comparisons presented here. Figures were gen-
erated using SETOR# and O (ref. 40).

Coordinates. Atomic coordinates for the structures of T. aquati-
cus Ffh NG domain described in this paper have PDB accession
codes ING1(G2), 2NG1 (G1) and 3NG1 (A2).
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