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The NG domain of the prokaryotic signal recognition protein Ffh is a two-
domain GTPase that comprises part of the prokaryotic signal recognition
particle (SRP) that functions in co-translational targeting of proteins to
the membrane. The interface between the N and G domains includes two
highly conserved sequence motifs and is adjacent in sequence and struc-
ture to one of the conserved GTPase signature motifs. Previous structural
studies have shown that the relative orientation of the two domains is
dynamic. The N domain of Ffh has been proposed to function in regu-
lating the nucleotide-binding interactions of the G domain. However, bio-
chemical studies suggest a more complex role for the domain in
integrating communication between signal sequence recognition and
interaction with receptor. Here, we report the structure of the apo NG
GTPase of Ffh from Thermus aquaticus refined at 1.10 Å resolution.
Although the G domain is very well ordered in this structure, the N
domain is less well ordered, reflecting the dynamic relationship between
the two domains previously inferred. We demonstrate that the anisotropic
displacement parameters directly visualize the underlying mobility
between the two domains, and present a detailed structural analysis of
the packing of the residues, including the critical a4 helix, that comprise
the interface. Our data allows us to propose a structural explanation for
the functional significance of sequence elements conserved at the N/G
interface.
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Introduction

The signal recognition particle (SRP) is a phylo-
genetically conserved ribonucleoprotein that
mediates co-translational targeting of nascent
proteins to the membrane. SRP-mediated targeting
is dependent on GTP binding and hydrolysis by
two components of the pathway, SRP54 and SR,
its membrane receptor. Homologs of these two
proteins are found throughout evolution, and in
prokaryotes they are termed Ffh and FtsY, respec-
tively. Remarkably, the two proteins, the SRP

GTPase and its receptor, each contains a struc-
turally homologous two-domain module, the NG
domain, which defines the SRP subfamily of
GTPases. The structures of the NG domains from
Thermus aquaticus and Acidianus ambivalens Ffh,
and Escherichia coli FtsY, have been determined.1 – 3

The Ffh NG comprises a four a-helix N domain
and a G domain, which has similarity to
other members of the GTPase superfamily of
proteins (Figure 1). The N domain abuts the G
domain across the a4 helix of that domain. (The
a4 helix, so named with reference to the structure
of small GTPases, is termed the a6 helix in other
studies.3). The a4 helix is adjacent to one of the
characteristic GTPase recognition motifs, termed
motif IV.4

The structures of the complex of the T. aquaticus
NG domain with GDP revealed that the relation-
ship between the two domains is dynamic.5 In the
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apo protein, the N domain is mobile, as evidenced
by the fact that it can be trapped in different
conformations under different crystallization
conditions. The interface is closely associated with
the position of the guanine recognition motif IV,
so that its position is coupled to the position of
that motif,1 and, therefore, the relationship
between the N domain and the G domain in the
nucleotide-bound state is somewhat restricted.
This coupling between the two domains, and the
fact that the interface comprises sequence elements
that are highly conserved between SRP GTPases
(Figure 1), suggests that the N domain plays a role
in the regulation of the nucleotide-binding state of
the protein.

Although biochemical studies have elucidated,
to some extent, the function of GTP binding and
hydrolysis in SRP-mediated targeting, the role
played by the N domain in this process remains
unknown. The interface has been the focus of
mutagenesis studies,6,7 which suggest that this
region plays a role in two different functionalities
of the SRP GTPase; signal peptide recognition and
interaction with the SRP receptor. In the first
study, hydrophobic residues of the conserved
sequence motif of the N domain part of the
interface were changed to alanine, and it was
found that the mutations caused defects in signal

sequence recognition.7 In the second study, a
conserved glycine residue of the G domain motif
was mutated, and it was found that this caused a
defect in the interaction between SRP and receptor,
but had little effect on GTP binding or hydrolysis.6

These data are consistent with the N domain play-
ing a central role in SRP-mediated targeting, as
the NG interface is involved directly or indirectly
in both the initial recognition of the signal
sequence and the subsequent interaction with the
membrane receptor.

Crystals of the apo NG domain of Ffh from
T. aquaticus diffract to 1.0 Å resolution,1 allowing
us the opportunity to understand the protein struc-
ture in detail at ultrahigh resolution. The approxi-
mately tenfold increase in diffraction data relative
to the previous report at 2.0 Å resolution1 enables
refinement of anisotropic displacement parameters
(ADPs) and provides well-defined positions for
most of the hydrogen atoms. Both allow us to
define better the structural relationships that deter-
mine the function of the protein. The anisotropy
gives information about the directionality of
atomic and domain motions, and we find that it
reflects directly the underlying mobility between
the N and G domains. And, because tight protein
packing is dependent on proper orientations of
the small but numerous hydrogen atoms,8 packing
analyses of this structure reveals details that
can explain the roles of the particular conserved
hydrophobic side-chains at the N/G interface.
Therefore, the increase in resolution between this
structure and the previous one is significant, as it
represents the difference between a model that
can describe the protein packing only at the level
of the heavy atoms of the structure, and one
that defines the myriad of interactions between
the hydrogen atoms of the structure that actually
determine the fold. (In this context, it is worth
noting that the difference is analogous to the
transition that distinguishes the protein folding
endgame.9)

Our goal is to understand the structural basis for
function in the SRP GTPases. Here, we focus on the
interface between the N and G domains, taking
advantage of the ultrahigh-resolution data to visu-
alize directly the distribution of orientations of the
two domains in the crystal. Packing analysis allows
us to present a structural rationale for the conser-
vation of residues central to the interface that is
consistent with the functional roles suggested by
biochemical studies. This work thus complements
those studies. The a4 helix at the N/G interface is
likely to play a central role in SRP GTPase function.
In the T. aquaticus Ffh NG domain, the structural
basis for its mobility is the persistence of tight
packing interactions with the N domain, and loose
packing with the underlying b-sheet that allow it
to adjust to different conformations of the motif IV
loop. Differences in the structures of the T. aquati-
cus Ffh NG and the available structures of other
SRP GTPases can be understood in terms of this
model.

Figure 1. Two-domain structure of the SRP GTPase.
The N domain, a four a-helix bundle, interacts with the
G domain across the a4 helix of the G domain. The
position of the GTP-binding site, on the far side of the
plane of the image, is indicated. The a4 helix couples
the position of the N domain to structural features of
the nucleotide binding site. The highly conserved
ALLEADV and DARGG sequence motifs contribute to
the interaction across the N/G interface. The arrows
point to the regions of the motifs from their respective
sequence boxes. The ALLEADV motif includes the
C-terminal end of aN2 and the turn between aN2 and
aN3 (top arrow); the DARGG motif comprises the loop
preceding the a4 helix and much of the helix itself
(bottom arrow).
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Results and Discussion

Quality of the refined model

The structure of the Ffh NG domain was refined
at 1.1 Å resolution using data measured from a
single crystal at SSRL BL 9-1. Particular care was
taken to ensure that the data were very complete,
and the resulting dataset has excellent statistics
(Table 1). Crystallographic refinement was carried
out in several stages. The starting model for the
refinement was the structure of the apo Ffh NG
determined at 2.0 Å resolution (PDB ID 1ffh).
Initial refinement was carried out using X-PLOR,10

and the structure was subsequently refined using
SHELXL-9711 in order to introduce ADPs. The
drop in Rfree on adding anisotropy was ,4%,
which is typical for structures at this resolution.12,13

Following refinement with SHELXL, Rcryst was
13.3%; however, Rfree remained relatively high,
18.7%, and a number of loops of the N domain
were poorly ordered but could not be modeled in
alternative conformations. Furthermore, although
we had made a point of measuring complete data
from the low to high-resolution limits, we were
unable to use low-resolution data beyond 10 Å
resolution because of inadequacies of the Babinet
solvent model implemented in SHELXL. Therefore,
the final stage of the refinement was carried out
using the program REFMAC,14 which implements

a solvent model similar to that used in X-PLOR.15

This stage resulted in little change in Rcryst,
but yielded a significant 2% drop in Rfree for all
data over the full 50.0–1.10 Å resolution range
(Table 2).

The current model comprises 289 amino acid
residues and 324 solvent molecules, with a crystal-
lographic R value of 13.5%, and an Rfree of 16.9%.
The same subset of reflections was used for Rfree

throughout the refinement. The geometry of the
model is quite good (Table 2) and the electron
density map in the well-ordered core of the G
domain is remarkably clear (Figure 2(a)). All resi-
dues are within the allowed (94.4%) or additional
allowed (5.6%) regions defined by PROCHECK.16

There is only one striking deviation in the main-
chain geometry, which occurs at the Phe102/
Leu103 peptide bond in the interior of the G
domain. There, the omega torsion is 1678, and the
conformations of the two residues, which occur in
the interior of the protein, are very well-defined in
the electron density map.

Thirty residues exhibit clearly defined multiple
conformations in the electron density map (Figure
2(b)). Most occur on the surface and are poorly
constrained but, interestingly, a number occur in
the interior of the protein. Nine leucine residues,
including the well-buried Leu103, exhibit discrete
disorder; both Leu118 and Leu202 exhibit x1
rotamer flips, three others exhibit x2 flips, and the
remainder undergo small positional shifts. In the
N domain, 13 residues are in alternative confor-
mations, with over half of those (Leu45, Arg49,
Arg35, Met39, Lys83, Thr77, and Glu80) clustered
across a crystallographic 2-fold screw axis that
relates adjacent N domains. The multiple confor-
mations of these residues reflect accommodation
of different conformational substates that arise as
a consequence of mobility between the N and G
domains (see below).

A number of loops are poorly ordered in the
structure and cannot be modeled as discrete
alternative conformations. The electron density of
the distal loops of the N domain, in particular, is
remarkably smeared, presumably due to convolu-
tion of intrinsic disorder of the loops with the
distribution of orientations of the N domain in
the crystal. Poorly defined electron density in the
region of the DARGG motif loop (Figure 1) that
links motif IV with the a4 helix1 may be function-
ally significant. Although the overall conformation
of the region is discerned readily and is similar to
that in previous apo and GDP structures, in several
recent structures of the nucleotide-bound protein,
the loop (residues 250–252) has been observed to
be displaced due to crystal packing interactions, in
a position that uncouples the N and G domains
(P.J.F., H. Alam & D.M.F., unpublished results).
Finally, more than 10% of the solvent atoms have
been built into well-defined but “peanut-like” den-
sity features. These are consistent with, and have
been modeled as, discrete and mutually exclusive
solvent sites; however, we cannot exclude the

Table 1. Data collection statistics

Space group C2

Unit cell
a, b, c (Å), b (deg)

a ¼ 99.73, b ¼ 53.67,
c ¼ 57.84, b ¼ 119.92

Resolution (Å) 50.0–1.10
Observations 694,235
Unique reflections 102,368

50.0–1.10 Å 1.12–1.10 Å

Rsym
a 0.037 0.324

Completeness (%) 95.4 89.9
Redundancy 4.27 2.96
Average I/s 37.8 3.2

a Rsym ¼
P

lIh 2 kIhll=
P

Ih; where, kIhl is the average intensity
over symmetry equivalents.

Table 2. Refinement statistics

Resolution (Å) 50.0–1.10
No. reflections 92,430
Rcryst

a (%) 13.5
Rfree (%) 16.9
Protein atoms 2513
Alt. conformations 30
Solvent atoms 326

Average Biso (Å2)
Protein 22.6
Solvent 39.9

rms bond (Å) 0.024
rms angle (deg.) 2.086

a Rcryst ¼
P

lFo 2 Fcl=
P

Fo; Rfree was calculated for a test set of
reflections (8%) omitted from the refinement.
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possibility that they represent an uncharacterized
solvent component.

Although the electron density map is excellent
overall, its quality varies tremendously. Despite
diffraction to 1.0 Å resolution, the equivalent
isotropic B factors average ,25 Å2, which is
relatively high for a structure at this resolution.17

This arises because two extensive crystal packing
interactions stabilize the position of the G domain,
but less well-defined interactions allow the N
domain to occupy a range of conformational
substates in the crystal. This is reflected as well in
a skewed distribution of temperature factors
between the N and G domains (see Figure 4), and
it explains the relatively high crystallographic R
and B factors in this structure. What is intriguing
about the ultrahigh-resolution structure, however,
is that it allows us to determine the directionality
of the intrinsic intramolecular motion and propose

a structural explanation for the functional mobility
at the N/G domain junction.

Analysis of anisotropic
displacement parameters

Following refinement of the ADPs, the average
anisotropy (defined as the ratio of the minimum
and maximum eigenvalue of the anisotropic dis-
placement matrix) was found to be 0.55 ðs ¼ 0:13Þ;
which is similar to the distribution seen in other
proteins.18 The mean value of the solvent aniso-
tropy is ,0.40. We examined the distribution of
anisotropy more closely and found that over
much of the N domain, but not the remainder of
the protein, the ellipsoids of motion of the alpha
carbon atoms were clearly correlated (Figure 3).
This suggested that there was a coherent motion
of the domain, and was analyzed by applying a

Figure 2. Electron density at 1.1 Å resolution. (a) Electron density in the well-ordered core of the G domain. The
2Fo 2 Fc map calculated using data from 50 to 1.1 Å resolution is contoured at 5s. Superimposed is a hydrogen atom
omit difference map, calculated using data from 5.0 to 1.1 Å resolution and contoured at 1.8s. The positions of many
hydrogen atoms are well defined in the well-ordered core of the G-domain (note the disordered methyl groups and
backbone amide hydrogen atoms). (b) Residues in multiple conformations. In the first panel, the Cg of proline occupies
two positions; interestingly, at lower resolution in X-PLOR this residue refines as “flat”. The final panel illustrates a
typical leucine x1 rotamer flip. The 2Fo 2 Fc electron density is contoured at 0.8s.
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rigid-body analysis of the domain movement in
terms of a translation, liberation, and screw (TLS)
model.13 Because rigid-body motion is not con-
sidered explicitly during the refinement, an under-
lying anisotropic domain shift will be reflected in
the atomic ADPs, and a description of the move-
ment can be extracted from those ADPs.19,20 There
are two caveats to bear in mind: first, the diffrac-
tion data cannot themselves distinguish between
correlated and uncorrelated motion,20 and this
inference has to be imposed during our interpret-
ation of the data. However, as we discuss below,
domain motion at the interface is well established,
based on the comparison of the apo and GDP-
bound structures, so this assumption is well justi-
fied in the structural analysis here. Second, the
TLS parameters tend to over-fit the underlying
motion, which may or may not be due to domain
motions, and so provide only an upper limit on
the rigid-body contribution.13

To carry out the analysis, we considered two
domains of the protein as rigid bodies. The first
comprised the helices of the N domain, residues
2–14, 26–59, and 71–88 (thus excluding the distal
loops of the N domain) and helix a4 of the G
domain, residues 253–262. The second comprised
the rigid core of the G domain (residues 99–219).
This is certainly a simplification of the dynamics
of the protein; however, it works well for our
purpose here, to characterize and explain the
implicit motion of the N domain (which presu-
mably arises as a series of conformational
substates21) in the crystal. We used the program
ANISOANL22 to obtain the parameters of motion

(translation, libration, and screw) for a rigid body
comprising each domain from the distribution of
atomic ADPs of the main-chain atoms. The derived
TLS tensors were then analyzed using TLSANL.23

That the TLS model accounts for much of the
anisotropy observed in the structure is shown by
the good fit between the model and the observed
anisotropy and equivalent isotropic B values
(Figure 4). The correlation coefficient over the
equivalent Biso values for both domains is ,0.85.
The distal loops of the N domain, which are dis-
ordered, were not included in the TLS model and
they degraded the fit when they were included.

The anisotropy observed in the structure appears
to be fit particularly well by the TLS model (Figure
4(b)), with a correlation coefficient over both the N
and G domains of 0.78. The mean translational dis-
placement of the TLS component for the two
domains was 0.20 Å and 0.16 Å, respectively, and
the mean-square angles of libration13 of the two
domains were 1.7882 and 1.2882, respectively.
However, while the mean values were not dis-
similar, the distribution of the displacements
around the libration axes was quite different.
Thus, for the G domain they range from 0.97 to
1.8382, while for the N domain, they range from
0.60 to 3.5982, a range of ,sixfold that is charac-
teristic of anisotropic domain motion.13,22 The
major axis of libration of the N domain is approxi-
mately aligned with the aN4 helix (Figure 5(a)).
This implies that the anisotropy of the domain
arises predominantly from a longitudinal rotation
of the N-domain helical bundle, and is remarkably
reminiscent of the domain motion inferred from
comparison of the apo and GDP-bound structures.5

To compare this explicitly, we carried out an
analysis of the conformational change between the
apo and ligand-bound states of Ffh NG in terms
of a hinge rotation between the two domains
using the model-independent analysis imple-
mented in DYNDOM.24 The resulting inter-domain
rotation axis is consistent with and has similar
directionality to the predominant libration axis of
the N domain (Figure 5(b)). That they are not
identical is, of course, expected, because both are
idealizations of what is certainly a more complex
structural change, and one represents a single
hinge for rotation between the two conformational
states, while the other represents a decomposition
of the motion of the one domain. The scales of the
two motions are also quite different (the mean
rotation around the major libration axis in this
structure is only 3.5982, while the hinge motion
between the two domains that accompanies the
conformational change on binding GDP is ,98.
Nevertheless, their approximate coincidence con-
firms that the directional preference for motion of
the N domain is consistent with the conformational
change between the apo and GDP-bound
states, and this motion is, therefore, likely to be
functionally significant.

It appears, therefore, that the relatively high
temperature factors for the N domain are not due

Figure 3. Anisotropic temperature factors reflect
coherent motion of the N-domain. The anisotropic
ellipsoids of motion at the 90% probability level for the
a-carbon atoms of helices aN1 and aN2 highlight the
mobility of the main-chain atoms of the N-domain. The
principal axes of vibration along both of the helices are
largely coherent (,up and down; compare with the
ellipsoids near residue 1). The direction of this motion
(presumably trapped substates in the crystal) is similar
to that seen between the apo and GDP complex crystal
structures.
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to random displacements in the crystal, but instead
arise from correlated motion of the N domain that
is accommodated within the crystal packing (as
evidenced, for example, by clusters of side-chains
in multiple conformations) to yield a distribution
of conformational substates. However, because it
reveals directly a biologically-relevant structural
variation, and because the protein model is very
well refined with an Rfree of ,17%, the structure
affords the opportunity to examine in unprece-
dented detail the structural elements, primarily

contributed by two highly conserved sequence
motifs in the hinge region (see Figure 1), that
enable motion across the N/G domain interface.

Analysis of the N/G domain interface

The N/G domain interface is unique to the
SRP GTPase subfamily, and is characterized by a
number of conserved sequence motifs (Figure 1).
The interface between the two domains comprises
the ALLEADV motif of the N domain,7 elements

Figure 4. A rigid-body model
accounts for much of the mobility
of the N and G domains. TLS para-
meters were derived for rigid
bodies taken as (i) the N domain
and a4 helix (residues 2–88 and
253–262) and (ii) the core of the G
domain (residues 99–219). In the
upper plot, (a), the observed
equivalent isotropic B values for
each group are compared to the
isotropic displacement parameters
predicted from the rigid-body
model (shown as the diffuse
yellow-green line superimposed on
the graph). The horizontal lines
indicate the average Biso for each of
the domains. The loops of the N
domain, which are poorly fit,
exhibit very high temperature
factors and are disordered in the
electron density maps. In the lower
plot, (b), the anisotropy in the
refined structure is compared to
the anisotropy predicted from the
rigid-body model (shown as the dif-
fuse yellow-green line). Note that
anisotropy is defined such that iso-
tropic 1.0 ! 0.0 highly anisotropic.
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of helix a3 of the G domain, the DARGG motif and
the a4 helix that follows it,1 and a number of
water molecules. The functions of the solvent-
exposed residues of the interface motifs remain

largely unknown, as only a few interactions are
defined in the available crystal structures2,5 and
there is little biochemical evidence for their func-
tion. Instead, it is the residues that contribute to
the hydrophobic core of the interface that have
been shown to be sensitive to mutation.6,7 Muta-
genesis of the leucine, valine and glycine residues
of the ALLEADV and DARGG motifs produce
readily detectable phenotypes, while mutations of
the hydrophilic residues do not. Furthermore,
the effects of these mutations are functionally far-
reaching. Although they do not affect the intrinsic
GTP-binding and hydrolysis activity of the
proteins, different mutations cause defects in the
recognition of the signal sequence of the nascent
polypeptide, which is mediated primarily by the
C-terminal M-domain,25,26 and in the formation of
the SRP/SR complex. The data imply that the junc-
tion between the domains and, presumably, their
relative orientation is of central significance to the
function of the SRP GTPase.

As a first step towards understanding the
molecular architecture of the interface in atomic
detail, we carried out packing analysis using a
number of computational tools that quantify and
visualize the molecular goodness-of-fit.8,27,28 These
tools, implemented in the program PROBE,
explicitly evaluate hydrogen atom contacts, and so
are particularly effective when used with struc-
tures refined at ultrahigh resolution.27,29 The hydro-
phobic nature of a number of the functionally
significant residues of the N/G interface makes
the interface particularly accessible to this type of
analysis. Thus, by taking advantage of the
well-refined structure of the Ffh NG domain, we
can clearly understand the packing interactions of
these residues, and this, because their interactions
are primarily hydrophobic, provides us with
information about their functional roles.

The analysis carried out using PROBE allowed a
direct visualization of the packing interactions of
each atom as well as a quantitative measure of
packing density in terms of a “score” that reflected
the fraction of the available atomic surface area
participating in packing interactions. A qualitative
indication of the extent of atomic packing inter-
actions over the entire structure is provided by a
contour density plot,28 and in this representation a
number of features of the protein packing are
highlighted (Figure 6). Of course, the core of the
protein exhibits higher packing density than the
surface, but a number of other features, such as
intrahelical packing, stand out as having high
“density” as well. In the structure of the Ffh NG
domain, however, this representation reveals an
additional and unexpected feature—a packing
density hole that occurs adjacent to the N/G
domain interface (Figure 6(a)). This region of low
packing density does not occur between the two
domains, but instead occurs between the a4 helix
of the G-domain and the underlying b-sheet of
the G-domain. The feature can be understood as
arising from a particular pattern of residue

Figure 5. TLS analysis of the anisotropic displacement
parameters reveals a prominent N-domain libration.
(a) The libration axes of the TLS matrices derived sepa-
rately for the N and G domains are plotted and super-
imposed on a ribbon representation of the structure.
The length of each axis is proportional to its mean-square
libration. The most striking feature is a predominant
libration axis that lies approximately along the aN4
helix of the N domain. (b) The vector of rotation obtained
following model-independent analysis of the confor-
mational change between the structures of the apo and
Mg2þGDP-bound Ffh NG.5 The vector generated by
DYNDOM24 is superimposed on the structure color-
coded to distinguish a “hinge” region (in yellow) from
the two domains (taken as mobile and fixed). Note that
the a4 helix of the G domain is paired with the N
domain in this model-independent analysis. Note also
that the hinge axis is not coincident with, but is consist-
ent with, the major axis of libration in the TLS model.
However, the scales of the two motions are quite
different.
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conservation (see below). It occurs just above
Wat423, which can, therefore, be considered to
plug the hole (Figure 6(b)).

A packing cavity at the N/G interface is intri-
guing, of course, as it suggests an underlying
design that facilitates movement of the N domain
and helix a4 against the G domain consistent with
that inferred previously from the comparison of
the apo and GDP-bound structures (see Figure
5(b)).5 Indeed, visualization of the packing inter-
actions between the a4 helix and the N and G
domains separately (Figure 7) reveals a clear
clustering such that the a4 helix is packed tightly
(i.e. has many interactions) with the conserved
ALLEADV motif of the N domain. It interacts also
with the a3 helix of the G domain, which has been
shown to move in concert with it.5 In contrast, the
helix has remarkably few packing interactions
with the underlying b-sheet of the G domain
(Figure 7(b)). The helix, therefore, can be con-

sidered to be packed with the N domain rather
than the G domain from which it arises, and we
propose that this “unpacking” from the G domain
occurs in the SRP GTPase so that the helix can
facilitate the relative motion of the two domains.

Packing interactions of conserved residues at
the interface

The residues of the ALLEADV motif occur at the
turn between helices aN2 and aN3 of the N
domain (Figures 1 and 6(b)). The motif shows
some variation in sequence between different
species (in the T. aquaticus Ffh, the sequence of the
motif is ALMDADV); however, the conformation
of the motif is well-conserved.1,2 The solvent-
exposed residues Met39 and Asp40 have no
obvious interactions at the interface, and it has
been speculated that they, along with conserved
residues of the DARGG motif and the a3 helix of

Figure 6. Contact density analysis reveals a loosely packed hinge region. (a) A contour representation of the packing
density is superimposed on the a-carbon backbone of the NG domain. The large hole between the two domains repre-
sents a region of low packing density between the a4 helix of the G domain and the underlying b-sheet that may acti-
vate it to shift across the b-sheet during binding and release of nucleotide. The contour level corresponds to an atomic
packing density of approximately 20% of the total available. (b) A stereo overview of the residues at the N/G interface.
In this view, the ALLEADV motif (residues 37–43) is on the far side the a4 helix (orange). The N domain is on the left,
and the G domain on the right. Residues discussed in the text are labeled, and the water molecules discussed in the
text are highlighted. Three strands of the b-sheet of the G domain are indicated, in the right foreground.
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the G domain, contribute to a functionally impor-
tant intermolecular interaction surface.2,5 Asp42
reaches across the interface toward the G domain,
where it contributes a hydrogen bond at the
amino terminus of helix a3.5 The remaining

residues of the motif, all hydrophobic, contribute
to the core packing of the N domain and the N/G
interface. Significantly, many of their packing inter-
actions are with other highly conserved residues
(Figure 6(b), and see Figure 8). Thus, Ala37 packs
against the aliphatic chain of Arg8 and against
Leu5, and Ala41, completely buried, contributes
extensive interactions to the interface between the
aliphatic chain of Arg252, the N domain, and
Leu5. Val43 seals off the hydrophobic core of the
N domain, as it rests against a4 of the G domain,
and is situated adjacent to Leu257 of the a4 helix.
Mutation of the two hydrophobic residues of the
motif corresponding to Leu38 and Met 39 in
T. aquaticus in the eukaryotic SRP54 to either valine
or alanine causes defects in signal sequence recog-
nition in in vitro translation/targeting assays.7

Leu5, which is involved in packing interactions
with a number of residues of the motif, is very
highly conserved in the SRP GTPases.30 Although
its function has previously been obscure, the inter-
actions identified above suggest that Leu5 contri-
butes important packing interactions to the resi-
dues that form the interface between the two
domains, and so can be considered part of the
N/G interface of Ffh.

The conserved DARGG motif of the G-domain
comprises the residues Asp250 through Ser258,
and includes the loop that precedes helix a4 and
most of the helix itself (Figures 1 and 6(b)). The
first three residues are solvent-exposed, and their
function is defined only partly. Asp250 hydrogen
bonds to Wat481, which helps initiate the a4 helix
and both Ala251 and Arg252 are somewhat dis-
ordered, with the position of the arginine side-
chain very poorly defined at the surface. The
remainder of the motif is buried, however, and
packing analysis illuminates a number of function-
ally significant features. Both the glycine residues,
in particular, are very tightly packed at the N/G
interface (see Table 3). Gly253, highly evolution-
arily conserved, is situated between the side-chains
of Phe2 and Asp250 such that the alpha carbon
hydrogen atoms are in extensive van der Waals
contact with the phenyl group, on the one side,
and with Asp250 and Wat481 at the amino termi-
nus of helix a4, on the other (Figure 8(a)). Gly254,
completely conserved in the SRP GTPases, plays a
central role in the interface between the two
domains. Its alpha carbon atom is nestled against
the 42/43 peptide bond, with extensive packing
interactions against the main-chain and side-chain
atoms of both residues. The carbonyl oxygen atom
of residue 41 is adjacent, and is in position to form
a long hydrogen bond to the backbone amide
group of the glycine residue. Not surprisingly, the
packing density scores for Gly253 and Gly254 are
approximately double that of average glycine resi-
dues in this structure, with Gly253 having contacts
over 42% of its possible contact surface area and
Gly254 having contacts over 34% of its possible
contact surface area (Table 3). The two glycine
residues clearly function here to allow both tight

Figure 7. PROBE contact dots on the N domain side,
but not the G domain side, of helix a4 indicate tight
packing. Small probe contact dots8 are shown in black
between the a4 helix and surrounding areas of the N
and G domains. (a) Contact dots from residues of the a4
helix to only the N domain. The N terminus (residues
1–4), the loop between helices aN2 and aN3 (ALLEADV
motif), and the C-terminal end of aN4 exhibit numerous
interactions with the a4 helix. (b) Contact dots from
residues of the a4 helix to the G domain. Interactions
are primarily with residues 220–224 of helix a-3. (c) A
similar analysis of the packing of helix a1 of the G
domain. This helix, which contributes the phosphate
binding P-loop, motif I, is tightly packed relative to the
other helices of the NG domain (see Table 3).
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packing of the a4 helix and the close apposition of
the N and G domains. It is mutation of the second
of these glycine residues that has been shown to
cause a functional defect in the E. coli Ffh.6

In contrast to the well-packed glycine residues of
the interface, the conserved Ala255 that follows
them appears to be much less constrained. The
side-chain of the alanine residue is directed
towards the b5-a3 loop of the G domain and,
while the residue is completely buried (Table 3), it
has remarkably few interactions with the remain-
der of the polypeptide. Its packing interactions are
limited to Wat481 and Wat482, which initiate the
helix a4, and to the carbonyl group of Gly223.
Significantly, the alanine residue is directed
towards the packing hole between the a4 helix
and the b-sheet of the G-domain. In Ffh and
SRP54, the residue at the corresponding position
occurs only as alanine in prokaryotes and only as

glycine in eukaryotes. Ala255 therefore plays a
central, and presumably functionally significant,
role in creating the packing hole below the a4
helix.

The side-chain of Leu257 is directed from the a4
helix into the center of the N-domain helix bundle.
There, it is situated by packing interactions with
surprisingly few residues: Leu5, Leu38, Val43,
Leu82 and Leu86 (Figure 8(b)). Indeed, Leu257 has
an average packing density score compared to
other leucine residues (Table 3), substantially less
than the maximum observed in this structure
(41%). However, of the five residues that the
leucine packs against, two, Val43 and Leu82, are
conserved completely, and two, Leu5 and Leu38,
are highly conserved in the SRP GTPase subfamily.
This implies that although the packing interactions
are relatively sparse, they maintain a precise struc-
tural relationship; one that would be disrupted,

Figure 8. Conserved residues at
the NG interface contribute to a
well-packed interface. Small probe
contact dots8 are shown at a dot
density of 50 dots/Å2. The color of
the dots indicates the types of inter-
actions, with blue dots indicating
wide contacts, greater than 0.25 Å,
green indicating close contacts
between 0 Å and 0.25 Å, yellow
indicating small overlaps of less
than 0.2 Å, and purple indicating
hydrogen bonds. Hydrogen atoms
are included in the analysis, but
are not shown in the Figure. (a) The
packing density around Gly253 and
Gly254 (at the center) is especially
tight for glycine residues and thus
explains conservation of these two
residues. (b) Leu257 appears to
have relatively few interactions;
however, those are with highly con-
served residues, including Leu5,
Val43, Leu38, and Leu82. Note the
interaction between Leu5 and
Leu257, which involves methyl
hydrogen atoms of the two resi-
dues. (c) Interactions with Ser258,
which is a completely conserved
residue in the SRP GTPases. Both
the Gly253/Gly254 and Ser258
interactions serve as the “glue”
across the N/G interaction surface.
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for example, by the substitution of leucine for
valine or vice versa. Their highly conserved inter-
actions, therefore, may be functionally significant,
and we speculate that they serve to facilitate or
accommodate the mobility of the N/G domain
interface.

The residue that follows, Ser258, is, like the
glycine residues of the motif, particularly well-
packed in the T. aquaticus Ffh NG, with a packing
density 1.3 s above the average for serine residues
(Table 3). The serine hydroxyl group accepts a
hydrogen bond from the amide nitrogen atom of
Asn44 (which follows the ALLEADV loop) and
interacts with weakly bound Wat597. It also
donates a hydrogen bond back to the a4 helix
main chain. The Cb atom is positioned by packing
interactions with Val47, Leu227 and Val262, which
function, therefore, to bridge the N and G domains
near the C-terminal end of the a4 helix.

The key conclusion from these observations is
that highly conserved residues of the two sequence
motifs contribute to specific packing interactions at
the N/G interface that incorporate a number of
additional highly conserved residues to assemble
a specific structural relationship between the two
domains. There is tight packing at the interface

between the N domain and helix a4, and there is
loose packing between the helix and the under-
lying b-sheet. This supports the notion that the a4
helix is designed to move in concert with the N
domain instead of being a fixed part of the G
domain, and is consistent with the observation of
intrinsic anisotropy of the N domain arising from
the loose fit at the junction.

Three well-ordered water molecules also contri-
bute to the N/G interface; their positions are well-
defined in the 1.1 Å resolution structure, and their
interactions appear to be preserved between the
different structures of the apo, Mg2þGDP-bound,
and GMPPNP-bound Ffh NG domain.1,5,31 Two of
the water molecules (Wat426 and Wat439) are
associated with the packing between a4 and the N
domain, and one (Wat423) occurs between the
helices a3 and a4 and the underlying b-sheet
(Figure 6(b)). Wat426 provides an important
additional contact bridging the a4 helix of the G
domain and aN4 of the N domain by hydrogen
bonding the carbonyl oxygen atom of Ala85 and
Leu257 and the amide nitrogen atom of His261.
The water is particularly well-ordered in the dif-
ferent structures of the NG domain; in the 1.1 Å
structure its equivalent Biso value is 16.8 Å2.
Wat439, also well ordered, is linked to Wat426 by
hydrogen bonding the intervening Wat440. Wat439
hydrogen bonds the carbonyl group of Val43 of
the ALLEADV motif, and packs tightly against the
side-chain of Val47 and the main chain of Phe51.
Finally, Wat423 is positioned in a hydrophobic
pocket between the C-terminal ends of the a3 and
a4 helices by hydrogen bonds to the carbonyl
group of Ala230 and to an adjacent Wat424. This
water molecule effectively closes the divergent
end of the packing hole that occurs between the
a4 helix and the b-sheet. The conserved positions
of these water molecules in this variety of struc-
tures suggests that they have a structural role; in
particular, all can be considered to fill gaps in the
fold by both hydrogen bonding and packing
interactions, and they may function to maintain
the ability of the two domains to move relative to
one another, thus acting as “lubricants” for the
polypeptide interface.

The design of the N/G interface

We identify the following features of the inter-
face between the N and G domains of Ffh: first, on
one side of the interface a well-defined network of
side-chain and main-chain packing interactions
contributes to the interface, and these interactions
in the interior of the N-domain provide the first
explanation for why specific hydrophobic residues
are sparsely distributed but highly conserved in
the N domain sequence. Second, on the other side
of the interface, a packing defect is maintained by
conservation of a number of small hydrophobic
residues that enable mobility of the a4 helix
relative to the remainder of the G domain. The
fact that many of the residues involved are

Table 3. Packing scores and solvent accessibilities

Density scorea Deviationb Accessibility (Å2)

A. ALLEADV 37–43
Ala37 28 0.7 0.3
Leu38 35 þ1.2 1.6
Met39 14 0.1 77.1
Asp40 13 20.5 77.2
Ala41 35 þ1.4 0.1
Asp42 18 0.1 51.6
Val43 31 0.4 2.1

B. DARGG 250–258
Asp250 18 0.1 11.7
Ala251 10 21.1 40.8
Arg252 16 0.1 124.3
Gly253 42 þ3.1 0.0
Gly254 34 þ2.4 1.0
Ala255 16 20.5 0.1
Ala256 24 0.3 0.1
Leu257 24 0.1 2.3
Ser258 43 þ1.3 0.0

C. G-domain helicesc

Density scorea Deviationb Contextd

a1 23 1.4 P-loop
a1a 11 20.9 IBD
a1b 12 20.7 IBD
a2 12 20.7
a3 16 0.2
a4e 8 21.5 N/G interface

a Density score: % of total possible van der Waals contact
surface, evaluated using at 1.0 Å PROBE sphere.

b Deviation from mean in standard deviations for that
residue type (residues) or all helices.

c Scores are evaluated for the helix packing against the
remainder of the G-domain.

d Context: identifying context for that helix.
e The a4 helix when considered in the context of both the N

and G domains has a density score of 22.
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evolutionarily conserved implies that these struc-
tural features are functionally important. Because
it has been shown that the hydrophobic residues
of the N/G interface can critically affect function,6,7

the interactions we identify are, therefore, likely to
be key to understanding the biological function of
the protein. Thus, for example, the glycine residues
allow close approach of the backbone of the
ALLEADV motif to the loops of the G-domain
because both are highly packed. The role of the
glycine residues here is reminiscent of a similar
role for glycine residues in the tight self-association
of the glycophorin transmembrane helix.32 Leu257,
in contrast, although completely solvent-inac-
cessible, is relatively loosely packed. Nevertheless,
its interactions are functionally significant, as they
are largely with other highly conserved residues
of the N domain. Thus, instead of providing a
“glue” for association, as apparently in the case of
the two glycine residues, the leucine residue may
provide a loosely constructed joint that contributes
to the conformational freedom of the domain inter-
face. Finally, the alanine residues of the a4 motif
are directed towards the underlying b-sheet, and
have relatively few interactions. These define one
edge of the functionally significant packing hole
discussed above.

The a4 helix shifts over the underlying b-sheet
on the transition between the apo and Mg2þGDP
complexes of the NG domain.5 The movement is
tangential to the b-sheet and results in displace-
ment of the helix by ,1.5 Å along its axis.5 The
precisely located interactions we identify and the
preferential directionality of those packing inter-
actions provide a means to understand and
predict, at the structural level, the dynamics of
this interface. As we do not yet have structures of
the NG nucleotide complexes beyond ,2.0 Å reso-
lution, we cannot provide a definitive analysis of
the shift between the two structural elements that
accompanies nucleotide binding. What is clear,
however, is that there is no large conformational
change or structural reorganization. There are no
residues in alternate conformations in the interior
of the interface; only one residue bordering the
packing hole, Leu244, undergoes a rotamer shift
between the apo and Mg2þGDP complex struc-
tures. This shift, a relatively minor x2 side-chain
reorientation, is relatively isosteric, and does not
appear to change the packing requirements signifi-
cantly. Leu244 occurs as valine, isoleucine or
leucine in the SRP GTPases, and is directed
towards the hole so that it is packed relatively
loosely. Thus, it appears that the side-chains buried
in the interface are accommodated by relatively
non-specific restraints on their position along the
packing defect and the mobility of the a4 helix
relative to the G domain is maintained.

Interestingly, the packing density of only two of
the helices of the G domain varies significantly
from the average (Table 3). Helix a4 is the most
loosely associated, with only 8% of the available
surface contributing to packing interactions with

the G-domain (compared to an average of ,15%).
In contrast, helix a1 of the G domain is exception-
ally well-packed against the core protein structure
(Figure 7(c)), with 23% of its surface in packing
interactions (2s above average). It can, therefore,
be considered to be relatively rigid, consistent
with its central position providing the immobile
platform of the phosphate-binding P-loop in the
GTPase active site. The remaining helices of the G
domain (a1a, a1b, a2, and a3) exhibit lower pack-
ing densities than helix a1, but are more tightly
associated than helix a4. It is intriguing to propose
that, perhaps in contrast to the mobile glide surface
provided by helix a4,33 these helices switch
between specific conformational states. It is still
not known whether the helices of the IBD (a1a,
a1b) undergo conformational change, but con-
formational change of the a3 helix has been
observed directly in the comparison of the apo
and GDP-bound structures, and it can be inferred
for helix a2 by analogy to the behavior of the helix
in other GTPases during GTP binding and
hydrolysis.

Comparison with other NG domain structures

Unfortunately, two structures of the NG domains
of Ffh and FtsY from different species reveal a
number of conformational differences that limit
the generalization of our analysis. First, the
structure of the E. coli FtsY NG domain reveals an
irregular conformation of the region corresponding
to aN1 in Ffh such that the N terminus extends
beyond the helical bundle of the N domain.3 More
significantly, the published structure of the
A. ambivalens Ffh NG domain2 differs remarkably
from structure of the T. aquaticus Ffh NG domain
in precisely the region of the N/G interface dis-
cussed above. However, the constructs used for
the latter two structures differ in significant ways.
The A. ambivalens construct is a C-terminal
His6-tagged protein in which the tag is inserted
just before a completely conserved leucine
residue30 that precedes a poorly ordered linker
peptide to the C-terminal M-domain. In the struc-
ture of the T. aquaticus Ffh NG (and in the structure
of E. coli FtsY NG), two hydrophobic residues of
the final turn of the C-terminal helix of the G
domain pack against the open face of the N-termi-
nal domain hydrophobic core.1 In the A. ambivalens
Ffh NG, only one hydrophobic residue, Leu293, is
available, and this may have consequences for
both the stability of the N terminus of the protein
(the first two residues of the aN1 helix are dis-
ordered) and for the position of the N domain.
Thus, relative to the G domain, the N domain is
shifted by ,3 to 4 Å from its position in the NG
domain of T. aquaticus Ffh. Interestingly, the confor-
mation of the ALLEADV motif is similar in the two
structures (despite sequence differences2), and the
loops and beta-strands of the G domain that pre-
cede and follow helix a4 are in similar positions.
Remarkably however, helix a4 itself is found to be
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out of phase by one residue between the two struc-
tures. Superimposition of the G domains of the two
proteins overlays (within 1 Å on alpha carbon
atoms) Arg252 with Lys254 (of A. ambivalens ) at
the N terminal end of the helix, and Thr263 with
Thr265 (of A. ambivalens ) at the C terminal end.
Different loop conformations, however, displace
the ten intervening residues such that, although
the helix is clearly in a similar overall position
(with corresponding alpha carbon atoms 0.7–2.3 Å
apart), the sequence is shifted so that each residue
at position N in T. aquaticus is at the position of
the residue N þ 1 in the A. ambivalens structure.
Thus the glycine residues discussed above no
longer pack against the ALLEADV motif in the
A. ambivalens structure, and the leucine residue
(Leu257 in T. aquaticus ) is not directed to the
hydrophobic core of the N domain. Indeed, the
serine residue is shifted so that it is directed
instead in that direction.

Given the observation that the available
A. ambivalens Ffh and E. coli FtsY structures differ
from the structure of the T. aquaticus Ffh, what
confidence can we have in our analysis? First, the
residues of the interface are highly conserved in
the SRP GTPase family, and the structure of the
T. aquaticus Ffh, but not that of the A. ambivalens
Ffh, allows us to rationalize this sequence conser-
vation as reflecting a role in the functionally
important interface between the two domains. The
residues have been demonstrated in biochemical
studies to be important for function,6,7 and are
seen in our structure to be involved in a large
number of specific packing interactions at the
interface. The conformation observed in the
A. ambivalens structure is less consistent with
the biochemical studies,6 and, we argue, makes
less structural sense than does the conformation
observed in the structures of the T. aquaticus NG
domain. For example, in the A. ambivalens struc-
ture, the glycine residue corresponding to Gly254
is directed to a large space between the N terminus
and motif IV that would easily accommodate a
larger side-chain. Further structural studies will be
required to resolve this discrepancy.

Alternatively, that the other structures differ may
suggest a conformational complexity to the inter-
face we have yet to understand. Perhaps the
differences hint that the N domain structure
changes during the functional cycle, perhaps by
unfolding so that it does not function as a
four-helix bundle. Indeed, recent studies of the
T. aquaticus Ffh and FtsY that suggest a specific
conformational change of the N domain of FtsY
occurs during nucleotide-dependent formation of
the targeting complex.34

Conclusion

GTPases undergo conformational changes on
binding and hydrolyzing GTP, and an understand-
ing of their molecular mechanisms is important.

The structures of many nucleotide complexes of
signal transduction and translation GTPases have
revealed a number of large conformational changes
that accompany binding. These are generally loca-
lized to a set of structurally homologous “switch”
regions that surround the active site and exhibit
structural properties that enable them to undergo
conformational changes during binding and
hydrolysis of GTP. The a2 helix of the canonical
GTPase fold, for example, can be considered to
have, at least, two different stable packing arrange-
ments that function during the GTPase cycle.35

The SRP GTPases, while members of the GTPase
superfamily, are distinct. As yet, the nature of the
conformational changes that accompany GTP acti-
vation and hydrolysis have not been determined.31

The N domain, unique to the SRP GTPases, is
distant from the switch regions that surround the
active site; however, it now appears that it plays a
role in integrating the distinct signal transduction
events that occur during co-translational protein
targeting.6 One feature of its function is that it is
in dynamic relation to the G domain. Here, we
take advantage of X-ray diffraction data to 1.1 Å
resolution to demonstrate that under the crystalli-
zation conditions the position of the N domain
varies in a way consistent with the motion inferred
from comparison of the structures of the apo and
GDP bound complexes. Further, we show by pack-
ing analysis that the a4 helix of the G domain is a
key player in this movement, as, on the one hand,
it is coupled tightly to the N domain through inter-
actions across a conserved interface and, on the
other, it has few packing constraints against the
underlying b-sheet of the G domain. Thus the a4
helix couples the N domain to the G domain, and
facilitates its motion. The high-resolution packing
analysis further explains cryptic patterns of
sequence conservation in the SRP GTPases, most
notably that of hydrophobic residues at the
proximal core of the N domain that pack against
the conserved leucine side-chain of the a4 helix.

What our data do not explain, however, is why
the different structures of SRP GTPases from other
species have, so far, not revealed a consistent
arrangement of the two domains. The possibility
is raised that the large deviations between
members of the SRP GTPase family actually reflect
exploration of a large conformational space acces-
sible to the N domain sequence during SRP
targeting. That is, the structures hint that the four
a-helix bundle of the N domain is not static, a
possibility that may itself be consistent with loose
packing of the domain relative to other four-helix
bundles. However, the well-defined structure of
the domain interface in the ultrahigh-resolution
structure of the T. aquaticus Ffh NG is consistent
with the results of mutational studies, and there-
fore, if it defines only one endpoint of a range of
mobility, it defines a significant one.

The 1.1 Å resolution structure of T. aquaticus Ffh
NG domain expands the basis for future studies
of the structural mechanism of the SRP GTPases.
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The structure reported here directly visualizes a
functionally significant motion that occurs at the
interface of the N and G domains of the SRP
GTPase, Ffh. It will be of interest to see, as the
structures of the nucleotide bound complexes are
determined at ultrahigh resolution, whether we
can develop predictive algorithms that, based on
packing analysis and an understanding of the
anisotropic motion in each structure, can explain
the intrinsic motions of this family of proteins.
Mutations that affect the packing (and thus, pre-
sumably, the relative orientation) of the two
domains produces striking defects, implying
that the interface between the two domains is
exquisitely designed for specific function. Because
we identify a “neighborhood” of conserved
residues that contribute to packing relationships
on the tight side and on the hole side of the inter-
face, our data help explain why the mutations of
hydrophobic residues have such a significant
effect. The intimate relationship between the N
domain and the a4 helix of the G domain, and the
packing interactions that facilitate mobility
between the N and G domains, are therefore, likely
to be important in understanding the structural
mechanisms by which Ffh and SRP54 integrate
signal sequence recognition, GTP binding and
hydrolysis, and targeting of nascent polypeptides
to their membrane-associated receptor.

Materials and Methods

Crystallization and data collection

The NG domain of T. aquaticus Ffh was expressed in
E. coli, and purified as described.1 Protein was concen-
trated to 33 mg/ml in water, and was crystallized by
sitting-drop, vapor-diffusion over 30% PEG MME 550,
200 mM MgCl2, 50 mM N-tris[hydroxymethyl]methyl-3-
aminopropanesulfonic acid (Taps) (pH 9.0) at room
temperature. Large bipyramidal crystals grew over
several months to ,800 mm maximum dimension. The
crystal was mounted on the surface of a ,700 mm nylon
loop, so that it was surrounded by relatively little
residual mother liquor and frozen immediately in the
2170 8C N2 cryostream.36

Data were measured at SSRL BL 9-1 on a MAR 300
image plate detector using a wavelength of 0.98 Å. Initial
ultrahigh-resolution data collection experiments carried
out on SSRL BL 7-1 established that these crystals
exhibited a decay in the ultrahigh-resolution diffraction
signal over a relatively short period of time. Our goal
was to obtain complete, well-measured data from a
single crystal; therefore, data were measured in three
resolution segments, and the high-resolution data
measured at four different translations of the crystal in
the beam. Low-resolution datasets were obtained at the
start and end of data collection to monitor overall decay.
Low and medium-resolution data were collected with
constant exposure time, the high-resolution data with
constant dose. Data were integrated using DENZO and
the seven individual datasets were scaled together using
SCALEPACK37 with a 23s cutoff. The overall Rsym was
3.7% over the resolution range 50–1.10 Å, and was

32.4% in the high-resolution shell (1.12–1.10 Å). The
data quality statistics are summarized in Table 1.

Refinement

The crystallographic refinement was begun using the
model of the apo NG domain (PDB ID 1ffh) determined
at 2.0 Å resolution.1 The unit cells of the crystals used
for the 2.0 Å and 1.10 Å datasets were similar (space
group C2, cell parameters a ¼ 99:90 �A; b ¼ 53:91 �A; c ¼
57:36 �A; b ¼ 119:88 and a ¼ 99:73 �A; b ¼ 53:67 �A; c ¼
57:84 �A; b ¼ 119:98; respectively) so that it was straight-
forward to begin several cycles of conventional
positional and simulated-annealing refinement with
X-PLOR 3.851.10 2Fo 2 Fc and Fo 2 Fc electron density
maps were used for manual corrections of the refined
model using the graphics program O.38 The refinement
using isotropic temperature factors converged at an Rcryst

value of 23.3% (with an Rfree value of 27.2%) and at this
stage the model included three residues with alternate
conformations, 120 water molecules and one hydrated
magnesium ion at a crystal lattice contact. The crystallo-
graphic R at this stage was somewhat higher than
expected, although not unprecedented.39,40 The position
of the disordered closing loop noted in the 2.0 Å resolu-
tion structure was not resolved in the higher-resolution
electron density map.

Subsequent introduction of ADPs in SHELXL resulted
in a relatively large decrease of over 4% in both Rcryst

(to 18%) and Rfree (to 21%). At this point, the ratio of
observations to parameters was about 4.2. Test refine-
ments were carried out to optimize the stereochemical
weighting factors by monitoring Rcryst and Rfree, and the
anisotropic restraints were optimized by validating the
distribution of ADPs with PARVATI.18 Occupancies of
alternative conformations were refined using the FVAR
instruction. After each manual rebuilding, the corrected
parts of the model were refined with isotropic displace-
ment parameters for five to ten cycles before the intro-
duction of individual ADPs. Introduction of explicit
hydrogen atoms in the latter stages of refinement caused
a further drop of ,1% in Rcryst. The program
REFMAC14,41 was used during the final stages of the
refinement in order to apply an empirical solvent
model, which allowed us to include all low-resolution
data to 50 Å resolution. The Rcryst value changed little at
this stage, but we observed a significant ,2% drop in
Rfree (from 18.7 to 16.9%). The resulting electron density
maps were somewhat better defined than those pro-
duced after SHELXL refinement (which included data
from 10–1.1 Å only). Statistics from the final REFMAC
refinement are summarized in Table 2. Multiconformer
refinement42 was not carried out.

Analysis

The ADPs were validated using PARVATI,18 as noted
above. We found that as restraints towards isotropy
were released, the average anisotropy moved towards
0.5; further weakening of the restraints increased the
number of highly anisotropic outliers but did not shift
the overall average significantly. The atomic ADPs were
then analyzed in terms of a TLS model for domain
motion19,20,43 using the programs ANISOANL22 and
TLSANL.23 The first TLS domain was defined to include
the four a-helices of the N domain and the a4 helix of
the G domain; the second comprised residues 99–217 of
the G domain. Following least-squares refinement of the
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TLS parameters, the R values for the fit were 0.23 and
0.24, and the goodness of fit parameters were 18.18 and
17.72, respectively, indicating that the two TLS domains
were modeled equally well. The correlation coefficient
over the equivalent B values for the N domain was 0.88,
and for the G domain it was 0.84.

Atomic packing analysis including explicit hydrogen
atoms was carried out using the programs PROBE and
REDUCE.8 The PROBE algorithm simulates rolling a
0.25 Å radius sphere along the van der Waals surfaces;
where the probe sphere contacts two surfaces, each is
marked with an indication (a dot) that classifies whether
the surfaces are in wide contact (.0.25 Å apart), close
contact (0.25–0.0 Å), overlapped (interpenetrating to
20.25 Å), or clashing (.20.25 Å). Bad contacts, or
clashes, can be considered to indicate inaccuracies in the
model and are found to increase with decreasing crystal-
lographic resolution.8 Therefore, to normalize for the
lower effective resolution of the N domain, packing den-
sity scores were calculated throughout using an average
of the score including bad overlap indicators and the
score without them. The explicit hydrogen atoms used
were placed (and in some cases refined) by SHELXL
and/or REFMAC; their positions were essentially the
same as those generated by REDUCE. The distribution
of contact dots was contoured and displayed using
ScoreDotsAtAtom and Kin3Dcont.44 For Table 3, a pack-
ing density score was calculated for each residue by
first determining the van der Waals surface area acces-
sible to a 1.0 Å radius probe in the context of the tripep-
tide in which it occurred in the structure. Since
hydrogen is the smallest atom involved in packing con-
tacts, the 1.0 Å probe, corresponding to the van der
Waals sphere for hydrogen used in PROBE,8 provided
an estimate of the maximal possible contact surface
area. The packing interactions of each residue were then
evaluated using a 0.25 Å probe, and the fraction of the
van der Waals area involved in packing interactions was
tabulated. The ratio of the two was taken as a packing
density score. Averages were calculated for each residue
type in the structure; for glycine (23 residues) the aver-
age was 9.6%, and for leucine (32 residues) the average
was 23.3%, with a maximum of 41.2% and a minimum
of 1.4%. For scoring the packing of individual helices,
the van der Waals surface of the helix as a whole was
evaluated similarly in the context of the remainder of
the structure. The contour level that illustrates the pack-
ing hole between helix a4 and the b-sheet of the G
domain in Figure 6 corresponds to an atomic packing
density of approximately 20% of the maximum. Surface
accessibilities were calculated using AREAIMOL.45

The domain motion observed between the structures
of the apo and Mg2þGDP-bound NG domain (PDB ID
1ng1) was analyzed using DYNDOM.46 The model-free
method implemented in that program was found to be
relatively insensitive to the input parameters, although
the limits of the domains so identified varied somewhat.
The a4 helix of the G domain was always observed to
be grouped with the helices of the N domain, consistent
with the model presented here. Least-squares super-
position of structures was carried out using LSQMAN.47

Figures were generated using MOLSCRIPT,48 Raster3D
and RASTEP,49 MAGE50 and O.38

Protein Data Bank accession codes

The atomic coordinates and structure factors have been
deposited with the RCSB PDB, with accession code 1LS1.
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