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1. Introduction

The interaction between water and protein has been shown to
contribute to a variety of functionally important phenomena,
providing the basis for structural stability, binding flexibility in
the active site, proton transfer, adaptability to environmental
change, motion, both in terms of side-chain conformational
changes (Mattos, 2002; Nicholls, 2000) and large-scale protein
motions (Mattos & Ringe, 2001), and enzymatic mechanism
(Mattos, 2002; Nicholls, 2000) and playing a key role in many
protein—protein interactions (Lo Conte ef al, 1999). In
hemoglobin, the redistribution of a cluster of water molecules
at the subunit interface is a mediator of the allosteric transi-
tion (Knapp et al., 2006; Pardanani et al., 1998; Royer et al.,
1996). Water has also been shown to be involved in large-scale
surface hydrogen-bonding networks (Nakasako, 1999). Since
water has been shown to play roles in binding and protein
dynamics, demonstration of the existence of these networks
and description of their features on the surfaces of other
proteins is likely to elucidate roles in protein structure and
function.

Water is often poorly resolved in protein structures at
moderate resolution (e.g. ~2.0 A), so that only the most well
ordered molecules are visualized in the electron-density map.

© 2006 International Union of Crystallography Different structures of the same or related proteins suggest
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function of the protein are well ordered (Mattos, 2002) and are
thus observed in multiple structures of a given protein, while
those that are not crucial occur only in a subset of those
structures (Mattos & Ringe, 2001). Two studies, one of a
family of microbial ribonucleases (Loris et al., 1999) and the
other of the legume lectin family (Loris et al., 1994), found that
the locations of only a small number of water positions are
independent of crystal-packing environment and solution
conditions. However, as the resolution of crystallographic data
increases, the ability to resolve and identify loosely bound or
partially occupied water molecules increases significantly. This
implies that identification of water molecules which are
essential to the structure, dynamics and function of a protein
should include a comparison of multiple structures of the same
or related proteins at ultrahigh resolution (Zhang et al., 2000).

Crystals of one of the GTPase components of the signal
recognition particle (SRP), Ffh NG, diffract to >1.0 A reso-
lution. The SRP GTPases function in co-translational
targeting of nascent membrane and secreted proteins to the
membrane (Keenan et al., 2001). SRP binds the hydrophobic
signal sequence of the nascent protein and targets it and the
ribosomal translation machinery to the endoplasmic reti-
culum, where SRP binds its receptor (SR) to form an SRP-SR
complex. GTP binding by both the SRP subunit, SRP54, and
by SR is required for their interaction. The nascent protein is
subsequently transferred to a membrane translocon and the
SRP cycle completes when SRP and SR each hydrolyze one
molecule of GTP and disengage (Focia, Shepotinovskaya et
al., 2004). Homologues of these two components are found
throughout evolution and are termed Ffh and FtsY, respec-
tively, in prokaryotes (Keenan et al., 2001). The GTPase
domains of Ffh and FtsY are structurally homologous and are
termed the NG domain: the N domain is a four-o-helical
bundle that appears to provide a contact between the SRP and
the ribosome (Halic et al., 2004) and its G domain is structu-
rally similar to other members of the GTPase superfamily
(Freymann et al., 1997). Structures of the NG domains of Ffh
and FtsY in the apo state (Freymann ez al., 1997; Gariani et al.,
2006; Montoya et al, 1997, 2000) and in nucleotide-bound
states (Freymann et al., 1999; Padmanabhan & Freymann,
2001) have been determined, as has the structure of their
nucleotide-dependent heterodimeric complex (Egea et al.,
2004; Focia, Shepotinovskaya et al., 2004).

Previously, an analysis of mobility in the structure of the
apo Ffh NG at 1.1 A resolution (Ramirez et al., 2002) allowed
the identification of a small set of waters between the N and G
domains that contribute to interface mobility; however, no
thorough investigation of the water structure of this protein
has been carried out previously. Here, we present two new
ultrahigh-resolution structures of the apo Ffh NG, in a
different crystal form from that previously determined, and
use them to describe more fully the water structure of Ffth NG.
We analyze the position and dynamics of the water molecules
in these new structures with reference to those observed in the
previous ultrahigh-resolution apo structure as well as the
lower resolution apo (Freymann et al., 1997), Mg**-GDP-
bound (Freymann et al., 1999) and GMPPNP-bound structures

(Padmanabhan & Freymann, 2001). The structures reveal
substantial disorder at the protein surface, visualized as
alternative conformations of side chains that are coupled to
clearly assigned shifts in the positions of surrounding water
molecules. Despite this disorder and differences in crystal
packing and solvent conditions, we can identify several
networks of water molecules that are conserved between each
of the 1.1 A structures. The comparison reveals how the water
network can adjust to binding of a small solute without
disruption to the overall pattern of hydrogen bonding. Well
ordered networks are associated with several conserved
sequence motifs of the SRP GTPases: the first occupies the
nucleotide-binding pocket, the second is associated with the
N/G domain interface and contributes to interdomain mobility
(Ramirez et al., 2002) and the third is poised to contribute to
the conformational changes that accompany the formation of
the SRP-receptor complex (Focia, Shepotinovskaya et al.,
2004). These 1.1 A crystal structures thus provide a snapshot
of what are likely to be important water arrangements at the
surface of the SRP GTPase Fth and provide a framework for
beginning to understand their functional roles.

2. Materials and methods
2.1. Crystallization and data collection

Ffh NG was expressed and purified as described previously
(Freymann et al., 1997; Shepotinovskaya et al., 2003). Crystals
of the apo Ffh NG domain were grown under two related
conditions, which we term I and II. For structure I, 6 pl protein
at 17 mg ml~" in 2 mM MgCl, was added to an equal volume
of the crystallization mother liquor: 0.1 M sodium acetate pH
4.7, 0.1 M MnCl,, 30% MPD. For structure II, 4 pl of the
protein at 34 mg ml™" in 2 mM MgCl, was combined with an
equal volume of mother liquor: 0.1 M MES pH 6.1, 20 mM
CaCl,, 30% MPD. Crystallization was performed by sitting-
drop vapour diffusion at 277 K. In both cases a ‘cross-dilution’
streak-seeding protocol was used (Stura & Wilson, 1990,
1991): after 1 d incubation at 277 K, a nylon fibre was touched
to seed crystals and swiped through a drop of protein-free
mother liquor and a second fibre swiped across the trace of the
first before swiping it through the protein-containing crystal-
lization drop, thereby minimizing the number of nuclei
transferred. For data collection, the crystals were mounted
directly from their respective MPD mother liquors using a
nylon loop and flash-cooled in liquid nitrogen (Teng, 1990).

Data for structure I were measured on a MAR 345 area
detector at SSRL BL 9-1 using a wavelength of 0.785 A in
three overlapping passes to allow scaling. The high-resolution
data were collected in dose mode at a crystal-to-detector
distance of 188 mm (1.08 A at the edge of the detector) with
an exposure time of ~6 min per 0.5° oscillation frame. The
medium-resolution data were collected with an exposure time
of approximately 2.5 min per 1.5° oscillation frame. The low-
resolution data set was collected with an exposure time of 10 s
per 2° oscillation. Data for structure II were measured at APS
DND-CAT beamline 5ID-B using a wavelength of 1.00 A and
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Table 1
Crystallographic statistics.

Values in parentheses are for the last resolution shell.

1 II
Data collection

Space group C2 C2
Unit-cell parameters

a (A) 109.47 108.60

b (A) 54.50 54.30

¢ (A) 98.80 99.78

B () X 97.72 99.36
Resolution range (A) 18.5-1.10 30.0-1.14
Unique reflections 199458 195214
Roym (%) 3.8 (26.2) 5.1 (30.8)
Completeness (%) 94.6 (80.0) 93.0 (88.8)
Redundancy 2.6 (1.8) 3.8 (3.2)
Average I/o(I) 30.6 (2.6) 24.6 (4.0)

Refinement

No. of test-set reflections 9676 13120
Reryse (%) 14.9 11.9
Riree (%) 172 154
No. of protein atomst 5307 6756
No. of water moleculest 554 893
No. of atoms in alternate conformations 744 2155
Average temperature factor (A%)

Protein 23.0 16.6

Water 35.6 29.7

Alternate conformations 23.8 19.9
R.m.s.d. bond lengths (A) 0.015 0.015
R.m.s.d. bond angles (°) 1.621 2.099

1 No. of atoms includes atoms in alternate conformations.

a 165cm MAR CCD detector. In initial images multiple
lattices were apparent in the diffraction pattern; however,
following in situ annealing (blocking the cryostream twice for
2-3 s and allowing the crystal to re-freeze in the cryostream;
Kriminski et al., 2002) only one clean diffraction lattice was
visible. Data were collected in three passes: the high-
resolution data were collected at a crystal-to-detector distance
of 52 mm (1.05 A at the edge of detector) with an exposure
time of 3.2 s per 0.5° oscillation frame. The medium-resolution
data were collected at a crystal-to-detector distance of 120 mm
with an exposure time of 2.5 s per 1.5° oscillation frame. The
low-resolution data set was collected at a crystal-to-detector
distance of 200 mm with an exposure of 1.65 s per 2° oscilla-
tion. Data for both structures were integrated using DENZO
with a —30 cutoff and were scaled using SCALEPACK
(Otwinowski, 1993). Data-collection statistics are shown in
Table 1.

2.2. Structure refinement

The initial model for crystallographic refinement of both
structures was the Ffh NG-GMPPNP complex (PDB code
1jpn; Padmanabhan & Freymann, 2001) with all solvent and
ligand atoms removed. This crystal form is obtained under
similar crystallization conditions in space group C2, with two
monomers (termed A and B) in the asymmetric unit. Rigid-
body refinement in the resolution range 15-3 A was carried
out first, using REFMAC (Murshudov et al., 1997, 1999), and
was followed by 30 cycles of refinement over the resolution
range 18.5-1.10 A for structure I and 30.0-1.135 A for struc-

ture II. An initial set of solvent atoms was then added auto-
matically using ARP/wWARP (Lamzin et al., 2001; Perrakis et
al., 1999). Subsequent refinement with REFMAC (Murshudov
et al., 1997, 1999) incorporated anisotropic displacement
parameters, explicit H atoms and a bulk-solvent model.
Electron-density maps were calculated using the CCP4 suite
(Collaborative Computational Project, Number 4, 1994) and
the model was inspected using O (Jones et al., 1991). Alternate
conformations were modeled when supported both by well
defined features in the difference map contoured at 3o and by
the presence of persistent features in the 2F, — F. map; they
were managed using locally written scripts (Ramirez, 2005)
and the program ACONIO (Kleywegt et al., 2001). The
occupancies of residues in alternate conformations were
adjusted manually following inspection of difference maps.
Test refinements using REFMAC demonstrated an increase in
Rjee of 0.5-1.0% when alternate conformations were refined
using an isotropic B-factor model (Wilson & Brunger, 2000),
so all atoms, including main-chain atoms, were modeled with
anisotropic temperature factors. During the final stages of
refinement, anisotropic temperature factors were evaluated
using PARVATI (Merritt, 1999) and the sphericity, rigid-bond
and B-factor restraints (‘SPHE’, ‘RBON’ and ‘BFAC’,
respectively; Murshudov et al., 1997, 1999) adjusted such that
the optimized anisotropy profiles of each closely resembled
those of other proteins (Merritt, 1999). This procedure
resulted in an ~1% decrease in Ry and Rg. for each
structure.

All residues in each structure are in the allowed regions of
the Ramachandran plot (Lovell et al., 2003). More interest-
ingly, evaluation of the w-angle distributions revealed that
92% of residues are in the ‘core’ w-angle region, 6% are in the
‘allowed’ region and five residues in each structure are in the
‘generous’ region (Morris et al., 1992; Willard et al., 2003). A
striking deviation from @ planarity at Phel02/Leul03 was
noted previously (Ramirez et al., 2002) and occurs here in all
monomers (w ranges from 159 to 163°). This deviation occurs
within the hydrophobic core of the G domain; a second outlier
occurs in structure II, but not structure I, at Leu106/GIn107 of
the motif I P-loop (w values of 160 and 163° in the two
monomers). Both deviations are real features of the structures,
as evidenced by their reproducibility across the independently
refined monomers in each crystal form.

A number of features of the electron-density map were not
interpretable in terms of water molecules and were modeled
as mother-liquor solutes. In structure I, two acetate groups,
two manganese ions and two molecules of MPD were easily
discerned in the electron-density map and two additional
features were tentatively assigned as chloride ions. In structure
II, four calcium ions, one MPD and two MES molecules, one
of which is modeled in two conformations, were readily
identified. In addition, one feature is tentatively identified as a
sodium ion and four distinct additional features in the
electron-density map are modeled as partially disordered or
uninterpretable solutes. Difference peaks that could be
interpreted as H atoms were observed in both structures, but
because they were not systematically resolved in either of the
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Table 2
Statistics for structures compared.
Structure I Structure II 11s1 1ffh Ingl 1jpn
Binding state Apo Apo Apo Apo Mg”*-GDP GMPPNP
Crystallization conditions 30% MPD, 30% MPD, 0.1 M 30% PEG MME 550, 30% PEG MME 550, 10% PEG 8K,0.1M 29% MPD, 0.1 M
0.1 M NaOAc MES pH 6.1, 02 M TAPS pH 9.0, 0.1 M TAPS pH 9.0, sodium cacodylate NaOAc pH 4.7,
pH4.7,01 M 20 mM CaCl,, 0.2 M MgCl, 0.2 M MgCl, pH 65,02 M 20 mM CaCl,,
MnCl,, 2 mM 2 mM MgCl, Mg(OAc),, 50 mM 2 mM MgCl,
MgCl, CdSO4
Space group (67 2 C2 2 P432,2 C2
Unit-cell parameters
a(A) 109.47 108.60 99.73 99.90 100.07 108.82
b (1:%) 54.50 54.30 53.67 53.91 100.07 54.53
c(A) 98.80 99.78 57.84 57.36 73.49 99.08
B () 97.72 99.36 119.92 119.77 97.42
No. of molecules in ASU 2 2 1 1 1 2
Crystallographic refinement
Resolution (A) 1.10 1.14 1.10 2.05 2.03 1.90
Reryst (%) 14.9 11.9 13.7 18.6 242 19.0
Riree (%) 172 15.4 16.9 24.8 263 24.0
No. of non-H protein atoms 5307 6756 2794 2226 2275 4604
No. of residues in alternate 90 261 33 0 0 7
conformations
Solvent content (%) 453 452 479 47.8 56.2 451
No. of waters (unique) 548 809 279 116 165 424
Waters builtt (%) 24.8 36.6 22.6 9.4 9.7 19.2
No. of waters in alternate 6 84 29 0 0 0
conformations

1 [(Unit-cell volume) x (% solvent)]/[(No. of asymmetric units in unit cell) x (30 /&3)}

structures, further analysis of hydrogen positions was not
pursued. Refinement statistics are presented in Table 1.

2.3. Regularization and characterization of water structure

Water molecules were classified as belonging to monomer A
or B in each structure using SORTWATER (Collaborative
Computational Project, Number 4, 1994). Waters at crystal
contacts were identified using ACT and in-house scripts
(Collaborative Computational Project, Number 4, 1994;
Ramirez, 2005) to apply a cutoff distance of 3.5 A; these were
excluded from further analysis, except as noted below. The two
monomers (A and B) of each crystal structure were considered
individually (and are referred to in the text as 1A, 1B, IIA,
I1B). Water molecules were assigned to hydration shells as
defined conventionally (Beamer et al, 2005). Waters of the
first hydration shell were identified using in-house scripts to
extract water—protein contacts (3.2 A cutoff) using the CCP4
programs ACT and CONTACT (Collaborative Computa-
tional Project, Number 4, 1994). Higher hydration shells were
identified by recursively flagging hydrogen bonds output by
the programs REDUCE (Word et al, 1999) and PROBE
(Word et al., 1999) using in-house scripts to identify water
molecules whose interactions were limited to the next lower
hydration shell. Waters that could not be classified according
to these criteria (e.g. 12 undefined in PDB code 11s1) generally
occurred distant from the protein surface and were excluded
from further analysis. Water-molecule accessibilities were
calculated using the program AREAIMOL (Collaborative
Computational Project, Number 4, 1994).

The apo Ffh NG structures I and II presented here were
also compared with four previously published crystal struc-

tures of Ffh NG: 1Is1 (Ramirez et al., 2002) and 1ffh (Frey-
mann et al., 1997), which are the same crystal form of the apo
protein determined at 1.1 and 2.0 A resolution, respectively,
1jpn (Padmanabhan & Freymann, 2001), GMPPNP-bound,
but crystallized under conditions similar to those of structures
I and II and determined at 2.0 A, and Ingl (Freymann et al.,
1999), an Mg>*-GDP complex in an unrelated crystal form
determined at 2.0 A (Table 2). Since several of the structures
exhibit noncrystallographic symmetry, nine different mono-
mers in all, each treated separately as described above, were
compared. The program LSQMAN (Kleywegt et al., 2001) was
used for superimposition and to evaluate the overlap of water
positions between structures. Monomers were superimposed
on the reference structure (IIA, see below) using an explicit
definition of the overlap region identified by the ‘Isq’ options
in O (Jones et al., 1991; Kleywegt & Jones, 1997). Waters in
each probe structure were expanded by symmetry prior to the
alignment and a 1.0 A distance cutoff was used as the
matching criterion (Bottoms et al., 2006). A parallel analysis
was carried out by generating maps of hydrogen-bonding
partners using ACT (Collaborative Computational Project,
Number 4, 1994) and matching the conservation of water-
interaction partners using in-house scripts (Ramirez, 2005).
Although Ffh NG exhibits interdomain motion (Freymann et
al., 1999), the apo and GMPPNP-bound structures super-
impose with an r.m.s. deviation of ~0.4 A on C* positions, so
that a simple superposition suffices for matching water posi-
tions throughout the structure (the r.m.s. deviation is similar
for the superimposition of the N and G domains separately).
In the case of the Mg?*-GDP complex, however, the super-
position is problematic. Large deviations in the position of the
N domain relative to the G domain interfere with any simple
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matching algorithm and hydrogen-bonding interactions were
used to confirm the matching assignments; where the two
methods disagreed, the appropriate match was determined by
inspection in O (Jones et al., 1991).

Water accessibilities were obtained using AREAIMOL
(Collaborative Computational Project, Number 4, 1994) in
HOH mode (ie. ignoring other water molecules in the
calculation), using the noncrystallographic pair and treating
alternate water positions as separate cases. Waters with an
accessible surface area less than 10 A% were classified as
‘buried’. Water clusters were mapped from water contact lists
generated by CONTACT (Collaborative Computational
Project, Number 4, 1994) to build a recursive interaction tree

(a)

using in-house scripts (Ramirez, 2005). Those clusters within
hydrogen-bonding distance of conserved residues of the
GTPase sequence motifs I-IV were inspected using O (Jones
et al., 1991) in order to manually expand the interaction
network by including protein hydrogen-bonding partners that
bridged clusters.

Finally, when well defined water molecules were found to be
conserved in most of the ultrahigh-resolution structures, but
not all of them, difference maps contoured at 20 and 30 were
reviewed to check for errors or omissions during building. A
similar analysis of the absence of conserved water positions
was carried out with respect to the lower resolution structures.
Water numbering was defined to be consistent among struc-

Figure 1

Features of the electron-density maps that reflect alternate conformations. (a) Before (left) and after (right) modeling alternate configurations of
residues 126-129 in structure IIA. The 2F, — F, map contoured at 1o is shown in light blue, the negative difference map (F, — F, contoured at —30)
shown in red and the positive difference map (contoured at 30’) shown in bright blue. The same maps are shown at the same contour levels after the
addition of alternates and are superimposed on the model of residues 126-129 with alternate conformations (shaded blue). The alternate side-chain
positions are indicated by asterisks. The ‘backrub’ motion of Argl27 (Davis et al., 2006) is indicated by two arrows. A significant translation of the peptide
perpendicular to the viewer is obscured in this orientation (see Fig. 2a). (b) A peptide flip between GIn107 and Gly108 of the motif I P-loop in structure
IIA. Note the water hydrogen bonded to the ‘flipped’ configuration of the Gly108 amide nitrogen. There is an ‘unexplained’ density (likely to be a buffer
molecule) bound within the P-loop (at the center). (¢) Two conformations of the conserved DARGG loop, the first in structure IA and the second in
structure I1A.
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tures following the superposition, first assigning the water
numbering already present in the 11s1 PDB coordinate set and
subsequently (for water molecules not present in 1ls1) recur-
sively assigning numbering to match within themselves. Thus,
waters present in 11s1 are assigned 401+, waters present in 1A
assigned 1001+, IB 2001+, IIA 3001+ and unassigned (or
unmatched) waters given numbers 4001+.

3. Results and discussion
3.1. Quality of the ultrahigh-resolution structures

The two structures reported here have been determined to
~1.1 A resolution and refined to crystallographic R factors of
0.149 (structure I; Ry = 0.172) and 0.119 (structure IT; Ry =
0.154) (Table 1). Our goal in this work was to exploit multiple
ultrahigh-resolution crystal structures to identify those aspects
of the water structure that are maintained between different
crystal forms and to gain some insight into both what that
water structure was and its possible functional roles. The
rationale was that at ultrahigh resolution water molecules are
particularly well defined in the electron-density map and
features of the water structure are more easily discerned.
However, a number of constraints on this project arise, the
most significant in our work being (i) the relative disorder of
the solvation interactions actually observed, which limits the
descriptive power of the analysis, (ii) the presence of common
and extensive crystal-packing interactions shared between the
different crystal forms, which limits the generalizability of our
observations, and (iii) the propensity of the protein, particu-
larly within its active site, to bind solutes (e.g. buffer mole-
cules), such that any ‘pristine’ water structure there must
necessarily be disrupted.

While the electron-density maps for both structures I and II
are very clear overall, they show extensive evidence of distinct
structural substates, not only for side chains exposed at the
surface, but also for the underlying main-chain structure and
the associated water molecules (Fig. 1). This result is not
unexpected, as it has been shown that an electron-density map
can generally be best modeled by multiple conformationally
distinct substate structures (DePristo et al., 2004). However,
the atomic models for the two structures incorporate markedly
different numbers of residues in alternate conformations (90
in I, 261 in IT; Table 2). For structures I and 1Is1 the number of
well defined alternates (15 and 11%, respectively, Table 2) is
typical of that seen in other structures determined at similar
resolution (typically ~10-15%; Simonovic & Volz, 2001;
Terzyan et al, 2004). The number of residues exhibiting
alternate conformations in structure II is notably high (261 out
of 594, or 44%). Alternate conformations were generally
introduced adjacent to residues that exhibited side-chain
torsion rearrangements and we found that this strategy
provided the best model based both on the resulting electron-
density maps and on the improvement in the geometry of the
protein model; thus, while some main-chain shifts are some-
what subtle, such as the two main-chain conformations for
Argl27, which are 0.7 A apart at the C* atoms (Fig. 1a), and
the ring pucker flip seen at Prol129 (see Fig. 2a), modeling
these shifts explicitly improves the fit between the model and
the data. Further, many of the alternate conformations occur
in regions known to exhibit conformational plasticity from
comparison of structures of the Ffh NG domain determined at
lower resolution (Focia, Alam et al., 2004; Freymann et al.,
1999; Ramirez et al, 2002). The structure presented here
exhibits the lowest value of Ry, (15.4%) obtained during an
extensive period of model building and refinement that

(@)
Figure 2

(b)

Hydrogen-bonding interactions of alternate and water structure. (a) 2F, — F, density at 1o over a stretch of residues (in structure IIA) that have
alternate main-chain conformations (124-129), the neighbouring Lys96 and several water molecules. Protein, water and hydrogen bonding are shown in
a bright colour for the first (alt A) conformation and in a muted colour for the second (alt B) conformation. Broken magenta lines indicate hydrogen
bonds between water positions and protein-atom positions. The hydrogen bond between the carbonyl O atom of Lys96 and the side-chain NH2 of
Argl27 is maintained by the two conformations of each of these residues. Peanut-shaped density is likely to reflect alternate positions of two hydrogen-
bonded water molecules (waters 455, 1509, 533, 688 and 1595) which shift in order to maintain hydrogen-bonding interactions with adjacent protein
atoms. Note the water molecule that substitutes in the bonding pattern for a protein atom that changes conformations, such as Wat1570 when Argl28 is
in its B conformation. Wat1242 bonds to either water Argl28 NH1 or Wat1570, depending on the conformational state of Argl28. Wat1208 is within
hydrogen-bonding distance of both conformations of Wat509. (b) 2F, — F, electron density contoured at 1o over alternate conformations of the side
chain of Tyr121 and its associated water (1163) in structure IIA. The water density exhibits a characteristic ‘peanut’ shape.
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included tests of a number of alternate strategies, including
assignment of isotropic temperature factors to main-chain
atoms in alternate positions (as they tend not to undergo large
torsional displacements) and the assignment of alternative
conformations only to residues that exhibited clearly defined
torsional jumps (e.g. side-chain x-angle rotamers). In each
case Ry increased by 0.5% or more. As the Rgys and Ry for
structure II are 3.0 and 1.8% less, respectively, than for
structure I, the average temperature factors are ~6 A? lower
(Table 1) and the electron-density map is of better quality,
reflected both by better definition of protein alternate
conformations and water positions (Table 2), this structure (II)
was taken as the reference for the analysis presented here.
The number of water molecules observed in the two
structures I and II is somewhat less than observed in other
crystal structures at this resolution (Terzyan et al., 2004); the
fraction of the water molecules contained within the asym-
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Figure 3

metric unit (assuming 0.033 water molecules per A3) that are
observed in the structures ranges from 22 to 37% (Table 2).
This suggests that the solvation structure within the crystal is
by no means fully resolved and indeed (as shown below)
solvent molecules exhibit multiple substate arrangements that
tend to disorder at the higher solvation shells (Teeter &
Kossiakoff, 1984). Therefore, while the lack of solvent struc-
ture in the crystal limits its description to the first solvation
shell adjacent to the protein surface, conversely, the ultrahigh-
resolution electron-density maps provide an image of corre-
lated protein and solvent motions that can be interpreted as
coupling between protein structural substates and discrete
surrounding solvent substates (Yamano et al., 1997; Fig. 2).
Water structure around proteins can be characterized as a
series of ‘shells’ defined by the number of hydrogen bonds
traversed between an observed water molecule and a protein
atom (Fig. 3a). Generally, only the first hydration shell is well

(c)

Water structure of Ffh NG. (a) Stereo image of the shell distribution of water molecules in structure IIA is shown, colored by hydration shell,
superimposed over a ribbon diagram of Ffh NG. The 344 first hydration-shell waters are shown as small light grey dots (to de-emphasize them). The 67
waters in the second hydration shell are shown as medium-sized green dots. The 14 waters in third hydration shell are shown as large orange dots.
Second-shell and third-shell waters generally occur at crystal contacts (see text). (b) Stereo image of conserved water positions. 94 water positions that
are conserved in every monomer of the 1.1 A resolution Ffh NG apo structures are shown as small green dots on the ribbon diagram of Ffh NG. 28 of
those waters are conserved across all binding states and crystal forms of 7. aquaticus Ffh NG, including apo, Mg**-GDP-bound and GMPPNP-bound
states and are shown as large orange dots. A stick representation of GTP in black indicates the binding site. (c) A water molecule that plays a structural
role (shown as a large pink ball) makes hydrogen bonds that bridge the main-chain N atom of conserved Gly105 of motif I and the side-chain hydroxyl of
conserved Thr188 and the carbonyl O atom of Alal89, both from motif III. The water is present in all structures of the Ffh NG domain. The water’s final
hydrogen-bonding partner is another water, shown as a small pink ball; in the structure of the SRP GTPase heterodimer (Focia, Shepotinovskaya et al.,
2004), its position becomes occupied by the side chain of Argl91 (shown in green).
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ordered in protein structures and the extent of observed
hydration is highly correlated with diffraction resolution
(Britton et al., 2006); water to the third hydration shell can be
observed in the highest resolution protein structures available
(Teeter, 1984, 1991). In structure II (which is taken as the
reference) there are 504 first-shell waters. This is an average of
0.86 waters per residue and ~80% of solvent-exposed polar
protein atoms have a clearly defined solvent molecule within
hydrogen-bonding distance. There are 156 well defined
second-shell waters in the structure, but relatively few third-
shell waters. (Note that waters directly involved in crystal-
packing interactions are excluded.) Of the second-shell waters,
~50% are members of pentameric ring-like hydrogen-
bonding arrangements (Fig. 4a) that occur near hydrophobic
solvent-exposed residues or in pockets formed by groups of
hydrophobic side chains (Nakasako, 1999; Teeter, 1984). Such
interactions are even more extensive if the hydrogen-bonding
‘pentamer’ is defined to include polar protein atoms as well as
other water molecules and we use this definition in our
discussion of water-bonding networks below. Not unexpect-
edly, second-shell and third-shell waters in this structure tend
to occur in surface grooves, bridging first-shell waters that
hydrogen bond to protein atoms located 9-11 A apart. Indeed,
~90% of second-shell waters and ~30% of third-shell waters
are thus located, generally between a-helices or between an o-
helix and a neighbouring S-strand.

3.2. Comparison of the three structures

The two structures I and II reported here crystallized in the
same form using MPD as the precipitant, but at different pH
values (sodium acetate pH 4.7, MES pH 6.1), and each has two
monomers in the asymmetric unit. The previously reported
1.1 A resolution structure of the apo Ffh protein (PDB code

@ K111
= W

P-loop Q'JI

(a)

Figure 4

11s1; Ramirez et al., 2002) was crystallized under different
solution conditions (TAPS pH 9.0, PEG MME 550) and
contains one monomer in the asymmetric unit. The overall
structure of each monomer is very similar; the r.m.s. difference
between structures 14 and 114 is 0.408 A (293 C* atoms), that
between structures 1B and IIB is 0.425 A (295 C* atoms) and
that between IIA and 1B is 0.628 A (293 C* atoms). Inter-
estingly, the largest difference between structures I and II
occurs in the conserved DARGG loop between motif IV and
helix o4, which is seen in these structures in two different
configurations in the two crystal forms (Fig. 1c). One confor-
mation is characteristic of the apo Ffh (Freymann et al., 1999)
and is similar to that in 11s1; the other is similar to the
conformation adopted during the GTP-dependent assembly of
its heterodimeric complex with FtsY (Focia, Shepotinovskaya
et al., 2004). Although the loop is well ordered in one of two
configurations in the A monomer of each crystal structure (I
and II), in the B monomers of each the electron density is
more poorly defined, suggesting that the loop adopts alternate
conformations throughout the crystal that cannot be resolved.
Because the DARGG loop appears to be relatively uncon-
strained in the monomeric Ffh, it is unlikely that it functions to
directly couple the N and G domains as proposed previously
(Freymann et al., 1997).

Each of the crystal forms (I, II, 1Is1) shares two common
crystal-packing motifs. The crystal-packing interactions of
monomers [A and IIA are very similar to that of the one
monomer in the asymmetric unit of 1ls1. The crystal-packing
context of the B monomers is distinct, sharing only one of the
three crystal-packing interactions with the others (Fig. 5).
Most striking is that each monomer in each structure engages
in a head-to-tail association across a crystallographic twofold
axis that buries approximately 1238 A? of the ‘back’ surface
(opposite the active-site pocket) of the protein, an interaction

(b)

Details of the water structure. (a) The water structure at the solvent-exposed edge of a pocket of hydrophobic residues is shown. Water molecules shown
in red (470, 527, 569, 614 and 1709) participate in a water pentamer. The pentamer fills the groove along the surface of the protein that is formed by the
side chains of residues extending into the hydrophobic pocket below the surface. Hydrogen bonds made among the members of the pentamer are shown
as red dotted lines and hydrogen bonds from pentamer members to protein residues are shown as black dotted lines. The surrounding water structure
and the hydrogen bonds these waters make are shown in blue. Alternate conformations of protein and water molecules in this region are omitted for
clarity. (b) Stereo image of the acetate molecule bound within the active site in structure I, the waters in structure II that occupy the space of the acetate
(superimposed, yellow) and the residues which hydrogen bond to them. Hydrogen bonds from the acetate O atoms are shown as red dotted lines and the
waters of structure II are shown in yellow, as are the dotted lines representing the hydrogen bonds they make with each other and with protein atoms.
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mediated by a divalent cation (Fig. 5a). The additional crystal-
packing interaction of monomer A (but not monomer B) that
is similar to that of 11s1 arises from a ‘head’-to-‘head’ twofold
screw interaction common to both (Fig. 5b). The context of
particular solvent conditions and shared crystal-packing
interactions clearly limit the utility of these structures for
comparative analysis of the interaction between protein and
solvating water because they themselves affect its stability and
organization (Mattos, 2002; Zhang & Matthews, 1994).
However, the wide range of pH values sampled in the three
crystal structures (I, IT and 1ls1) and the slightly different
packing environments for each monomer (A, B and 1lsl)
somewhat offset these constraints. In our discussion of the
conservation of water structure at the solvation interface, we
focus on three regions relatively distant from crystal-packing
contexts (a, b and c in Fig. 5b) in order to

discern protein-directed, rather than crystal-

directed, arrangements.

3.3. Solute binding within the active site

An acetate molecule (a crystallization
buffer component) is bound completely
buried within a deep active-site pocket in
both monomers of the asymmetric unit of
structure I (Fig. 4b). The electron density is
very well defined and the greater electron
density of the O atoms allows its orientation
to be determined. The carboxylate O atoms
hydrogen bond to the main-chain amide of
Aspl135 and to the side-chain carboxylate of
Aspl87; on this basis, we infer that the
bound acetic acid species is likely to be
protonated. The methyl group of the acetic
acid is accommodated within a ‘cage’ of
three well ordered waters (and the N® group
of Lys111). Structure II was determined in
order to eliminate the acetate from this site,
substituting MES pH 6.1, 20 mM CaCl, for
sodium acetate pH 4.7, 0.1 M MnCl, (the
change in divalent cation was a byproduct of
the optimization screen). The presence or
absence of acetate has little effect on the
protein structure, but comparison of the sl
solvent structures of I and II suggests that its
presence stabilizes the water structure
somewhat. In monomer IIB, three water
molecules occupy the space occupied by
acetate in structure I, with waters over-
lapping almost exactly with the positions of
the carboxylate O atoms (Fig. 4b). However,
the surrounding ‘cage’, which extends
towards the motif I P-loop, is much less well
defined, suggesting an organizing effect by
the acetate methyl group. In monomer 114,
however, the water structure is strikingly
disordered within the pocket and bound

Figure 5

water is only indicated by a tube of poorly defined electron
density that extends between alternate binding positions.
Thus, while each water position defined by atoms of the bound
acetate can be assigned, in monomer A of the acetate-free
structure each is modeled as occupying (at least) two addi-
tional positions.

Replacing acetate with MES buffer itself introduces an
‘undesirable’ consequence, the binding of MES at two well
defined sites, including, adjacent to the acetate-binding site,
the motif I P-loop. As in structures of other GTPases obtained
in the presence of ammonium sulfate (Freymann et al., 1999;
Gariani et al., 2005; Worthylake et al., 2000), the sulfate group
of MES is well defined in the electron-density map and
interacts with the phosphate-binding site of the P-loop. In
monomer IIA the full MES molecule can be discerned and it

Crystal-packing contexts. (a) Stereo image of the crystal-packing arrangement in both
structures. There are two monomers in the asymmetric unit. One monomer (A) forms a head-
to-head twofold screw packed layer, running horizontally in this image. The other (B) packs
between A layers. Both A and B monomers have a common twofold packing interaction along
the ‘back’ side of the monomer; the colored balls indicate twofold-related ion-binding sites
(Mn?*, Ca®") that mediate the ‘back’ side packing. (b) A surface representation of one face of
the NG monomer (here, structure I) oriented so that the nucleotide-binding site is towards the
viewer (indicated by stick representation of GDP) and shaded to indicate regions involved in
crystal-packing contacts (darker). The crystal contacts for 11s1 and 1A are similar (e.g. the ridge
at the lower left and the packing surface at the top), but distinct, in this orientation, for IB.
However, for each monomer the packing interactions of the obscured face (180° rotation
around the vertical axis) are almost identical (not shown) owing to a common head-to-tail
twofold packing relationship that is preserved across each monomer. The approximate
locations of the three water networks (a, b and ¢) discussed in the text are indicated.
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extends across the active site (see Fig. 6a). In monomer IIB the
remainder of the MES molecule is poorly defined and cannot
be fully modeled. Additionally, while the precipitant MPD can
be identified bound at sites external to the active site in both
structures I and I, in structure I1A density that we interpret as

(Fig. 6a).
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Figure 6

Three functionally important water hydrogen-bonding networks. The central ribbon diagram
positions the three panels relative to each other. (a) Network a, in the GTPase active site, which
includes water molecules that hydrogen bond to residues of the conserved GTPase motifs I-IV
(Freymann et al., 1997). The water molecules are in are blue; conserved waters (present in all
structures) are shown with a larger diameter, while those that contribute to the cluster but are not
conserved are shown as smaller faded spheres. The positions of three solute molecules in structure
IIA (two MES, in blue, and one partially disordered MPD molecule, in red) and the position of the
acetate bound in structure IA (in yellow) are indicated as CPK ‘ghosts’: these interfere with analysis
of the binding-pocket water structure. (b) Network b, at the conformationally sensitive pocket
central to the ‘latch’ interaction of the targeting heterodimer (Focia, Shepotinovskaya et al., 2004).
Waters that hydrogen bond to residues in motifs I and III are in orange. Again, conserved waters are
larger. Note the pentagon cluster that is present between motif I (at the left) and the DAGQ motif
(at the right), stabilized against a hydrophobic pocket between them. (¢) Network ¢, at the Ffh N/G
interface, includes waters that contribute to conformational flexibility between the N and G
subdomains (Ramirez et al., 2002). Note the spine of highly conserved waters that traverses the N/G
domain interface. Each of the three panels indicates, in faded yellow, the pocket of generally
hydrophobic residues that delimits the region of the cluster.

a partially disordered MPD molecule occupies the lateral edge
of the active site between the IBD and the closing loop

A number of studies have shown that active sites (or
binding sites) exhibit distinct behavior with respect to water

and solute binding (Mattos et al., 2006;
Ringe & Mattos, 1999). Thus, for
example, crystallographic studies of
porcine elastase in organic solvents
have demonstrated that the solvent-
binding sites are predominantly local-
ized to the enzymatic active site (Mattos
et al, 2006). The consequence of
promiscuous solute (or buffer) binding
here is that it is impossible to acquire a
‘pristine’ image of water structure
around the Ffh NG domain, particularly
within the active site. As the active site
of the GTPase can be considered to be
‘designed’ for substrate interaction and
therefore the partially disordered water
structure configured such that exchange
or displacement by small solute mole-
cules readily occurs, this behavior
should not be surprising (Mattos, 2002;
Mattos et al., 2006; Mattos & Ringe,
1996; Ringe & Mattos, 1999). It can
perhaps be contrasted to water that
contributes directly to stabilization of
the underlying protein structure (Petu-
khov et al., 1999) or water that maintains
hydration of hydrophobic surfaces that
contribute to conformational change;
both appear to exhibit greater conser-
vation when compared between struc-
tures and more extensive order (below).

3.4. Alternate conformations couple to
water substates

The numerous residues adopting
alternate conformations were generally
clearly indicated by residual features in
the difference electron density prior to
modeling of the second conformation
(Fig. 1a). Many exhibited only a main-
chain shift without an accompanying
side-chain rotamer rearrangement; most
of these (51 of 261 residues with alter-
nate conformations in structure II)
occur adjacent to a residue for which
there is clear evidence for an alternate
side-chain rotamer in the electron-
density map, consistent with a coupling
propagated along the main chain to
accommodate the side-chain rearran-
gement. Several peptides exhibit the
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characteristics of the recently identified main-chain ‘backbone
rub’ (Davis et al., 2006); this torsional coupling allows move-
ment of the C atom between two positions with minimal
effect on the positions of the residues adjacent to it (see, for
example, Argl27 in Fig. 1a). Several peptide flips are also well
resolved. One at motif I, between GIn107 and Gly108, may be
functionally significant; in structure IIA the peptide adopts
two clearly defined conformations, each linked to the presence
of a nearby water (Fig. 1b). This rearrangement abrogates the
phosphate interactions that can be contributed by the P-loop
for nucleotide recognition there and similar conformational
changes have been suggested to regulate nucleotide exchange
in other G proteins (Cherfils & Chardin, 1999). Hydrogen-
bond and van der Waals mediated coupling between protein
backbone and side-chain conformational alternates is
suggested by several correlated shifts: for example, in struc-
ture IIA the distal end of helices N2 and oN4 shift in
cooordination with each other such that residues Arg2l-
Leu27 (eN2) and residues Lys62-Leu68 (eN4) adopt distinct
alternate configurations that maintain the packing interactions
between them. A second well defined example of residues
adopting interacting alternate conformations occurs between
the side chain of Argl27 and the main chain of Lys96 (Fig. 2a).
Finally, a remarkable number of side-chain alternates are not
surface-exposed but are buried within the hydrophobic core of
the protein. Several of these have been noted previously in
11s1, in particular nine leucine side chains, of which five exhibit
clearly defined rotamer flips (Ramirez et al., 2002). Of the
alternate conformations observed in structures I and II here,
17 of 90 and 41 of 261 residues, respectively, are buried. That
almost 20% of the conformational flexibility defined by these
structures is exhibited by residues packed within the core of
the protein is noteworthy and may reflect the conformational
freedom necessary for the functional cycle of the SRP
GTPase.

There is also extensive coupling between the protein
conformation and the surrounding waters, as adoption of
different configurations is reflected in the positions of the
neighbouring solvent molecules and the overall solvent
structure (Fig. 2). Elongation of the water density was
common in the electron-density maps and was taken to indi-
cate alternate water positions if it accommodated two waters
too close to hydrogen bond to one another; examples include
Wat1163 (Fig. 2b) and waters 455, 509, 567, 688, 1595 and 1646
(Fig. 2a). Of the latter, half interact directly with backbone
carbonyl O atoms and reflect the underlying conformations of
the main chain. Not surprisingly, in structure II 90%, in
structure I 100% and in 1lsl 86% of waters in alternate
conformations are located adjacent to protein residues that
themselves adopt alternate conformations. Conversely (in
structure II), ~20% of protein residues that adopt alternate
configurations, including those limited to backbone shifts
without accompanying side-chain rotamer rearrangment, can
be associated with waters occupying alternate positions. The
shifts in water positions are generally consistent with the
maintenance of hydrogen-bonding interactions to polar
protein atoms (Fig. 2a); similar shifting of water to maintain

hydrogen bonding to protein atoms in alternate configurations
has been described in different structures at ultrahigh reso-
lution (Yamano et al., 1997). However, alternate positions for
a water do not necessarily disrupt other possible hydrogen-
bonding interactions (i.e. between water molecules), which
can therefore adjust; this is exemplified by water W1208,
which is within hydrogen-bonding distance of both confor-
mations of water W509 (Fig. 2a). The change in position of the
first-shell water to maintain a hydrogen-bonding distance to its
protein-atom bonding partner does not necessarily shift the
second-shell waters it binds to. Thus, water alternate confor-
mations can co-localize with protein alternate conformations
such that the extended water structure is able to absorb local
changes with minimal reorganization. Alternatively, some
water positions remain occupied despite protein conforma-
tional changes near them, but the role of the waters occupying
these positions changes. Wat1646, for example, is a first-shell
water position only when Argl28 is in conformation B, but is
fully occupied (see Fig. 2a).

3.5. Conservation of water positions

That elements of the configuration of local water hydrogen-
bonding structure are maintained with respect to alternate
protein conformations prompts the question of whether they
are similarly maintained between structures determined under
different crystallization conditions. We find that ~17% to
~30% of the water positions resolved in each ultrahigh-
resolution structures can be readily superimposed within a
1.0 A radius (Fig. 3b). 78 waters are conserved across each of
the five distinct monomer species (1Is1, IA and 1B, IIA and
I1B); an additional 16 water positions are conserved but are
located at the twofold packing interaction that is common to
all of them (Fig. 5a). The 78 non-contact water positions
represent ~28% of the water positions determined in 11s1, the
1.1 A structure with the fewest waters of the structures
compared and ~28% of the water structure of monomers 1A
and IB. Almost all are first-shell waters; six are second
hydration-shell waters and none are third shell (Fig. 3b). Of
the 72 conserved first-shell water positions, approximately
47% are buried and most of the conserved water positions
appear to play a structural role (Fig. 3c¢), mediating inter-
actions between secondary-structural elements or positioned
by main-chain hydrogen-bond interactions at the end of an
a-helix or B-strand or at a loop region (Pujadas & Palau,
2001). While the overall distribution is fairly disperse (Fig. 3b),
the promiscuous interactions with solute molecules across the
nucleotide-binding site implies that observation of ‘conserved’
water positions is necessarily limited to areas that are static
with respect to solvent structure, although not necessarily with
respect to function. Thus, while some conservation simply
reflects hydrogen bonding to conformationally restricted polar
groups, much of the distribution localizes to important packing
interfaces, including the N/G domain interface (Ramirez et al.,
2002) and the interaction between the dynamic helices o2
(switch 2 in the GTPase superfamily; Vetter & Wittinghofer,
2001) and helix o3 (which tracks the twist of the underlying

1530

Ramirez & Freymann + Ffh

Acta Cryst. (2006). D62, 1520—1534



research papers

B-sheet; Freymann er al., 1999). Each plays a role in the
concerted conformational change that accompanies assembly
of the FtsY heterodimer (Focia, Shepotinovskaya et al., 2004;
Padmanabhan & Freymann, 2001). Interestingly, almost half
of the conserved positions can be clustered together as
networks assembled in regions that are likely to be function-
ally important (below).

We can also ask whether a subset of the solvent arrange-
ment is conserved in structures determined at lower resolution
or in different binding states. Several structures of the apo,
GDP-bound and GMPPNP-bound 7. aquaticus Fth NG have
been determined at ~2.0 A resolution (Freymann et al., 1997,
1999; Padmanabhan & Freymann, 2001). Of the set of 78
conserved waters (72 first-shell and six second-shell waters),
28 waters, one of which is a second-shell water, are present in
all compared structures (Fig. 3b). Of these, approximately
two-thirds are buried and clearly play a structural role. Water
is often organized across solvent-exposed hydrophobic
surfaces (Teeter, 1984) and this behavior can be exploited in
functionally important ways. For example, extensive water
organization specific to a halophilic enzyme which has the role
of hydrating the protein in the presence of high salt has been
shown to follow from increased exposure of hydrophobic
residues to the surface relative to the non-halophilic case
(Britton et al., 2006). There are several surface-exposed
hydrophobic clusters in the Fth NG structure, one of which is
of particular interest because it contributes to the receptor-
interaction surface between helices «2 and «3 and the P-loop.
A pentameric water-ring structure is readily discernable
(Fig. 4a) and is present in both the ultrahigh-resolution
structures and in structures determined at lower resolution.
The one second-shell water conserved, W447, is part of a
water pentamer ring with two other completely conserved
waters, W421 and W422. Elsewhere, three other first-shell
water positions present in all structures (W464, W465 and
W470) also contribute to pentamer structures.

3.6. Conserved hydrogen-bond networks

The interactions between water molecules at the protein
surface generate what can be considered ‘networks’ (Mattos &
Ringe, 2001; Nakasako, 1999; Sanschagrin & Kuhn, 1998); that
is, hydrogen-bonding interactions between water molecules
and the underlying protein structure that extend across the
protein surface. Since these ‘networks’ mediate interactions
between secondary-structural elements and interactions
between the protein and approaching solute and because they
must rearrange during any significant conformational change,
it is of interest to establish for the Ffh GTPases to what extent
structured water networks exist on the protein surface and to
what extent they incorporate the ‘conserved’ waters described
above. However, owing to the extent of disorder exhibited by
these structures and the tendency to bind solute molecules, as
described above, unambiguous definition of conserved
networks in some regions of these structures is difficult. That
is, while extensive hydrogen-bonding interactions can be
identified readily in any one structure, defining conservation

of hydrogen-bonding patterns is problematic. Here, we take
the water distribution of IIA as illustrative of the network
structure, focusing on three regions that are associated with
functionally important protein structural motifs, not struc-
tured by crystal-packing interactions, and relatively well
defined.

Generally, conserved water positions can be identified as
contributing to much of a first-shell ‘core’ of each network. Of
the 94 water positions ‘conserved’ between the 1.1 A struc-
tures, 49 can be assigned to one of three hydrogen-bonding
networks a, b and ¢ discussed below. Each network can be
associated with a pocket on the protein surface and each is
generally delimited by surface-exposed hydrophobic patches,
linked via polar main-chain atoms and polar side-chain atoms
that define their boundaries and extends into the pockets to
link polar main-chain atoms to the surface of the protein
(Fig. 6). In the crystal, of course, the hydrogen-bonding
interactions can extend undisrupted across crystal-packing
contacts (Nakasako, 1999); however, here we map only the
local relationship of these clusters at the functional groups of
the protein surface. The three clusters were evaluated in the
context of the ‘reference’ structure IIA and the descriptions
refer to that structure. Subsequently, each cluster was
compared with the water structure in the other monomers to
evaluate its conservation across structural contexts. The ‘core’
of each network can be shown to be conserved across the five
monomers of the three 1.1 A apo structures.

The first network, which we term network a, is quite
extensive, spanning ~33 A to occupy the nucleotide-binding
site. However, as this region also mediates the buffer solute
interactions (i.e. acetate, MES and MPD), the water structure
itself is relatively poorly conserved. In structure IIA, a
continuous hydrogen-bonding network comprising 133 waters
can be identified (Fig. 6a). The cluster is delimited by residues
from each of the four conserved GTPase motifs I-1V; of the 54
residues that contribute polar atoms to the hydrogen-bonding
network, 16 are evolutionarily conserved in SRP GTPases. An
MES molecule bound at the motif I P-loop, near the center of
the cluster, and an MPD molecule bound at one end near
motif IV necessarily introduce discontinuities (Fig. 6a) and
because the network is sensitive to solute interactions, its
representation in pairwise comparisons is limited: in structure
I monomer A ~62% of the 133 network a water positions
identified in structure IIA are present, in 1ls1 ~52% are
present and in the B monomers of structures I and I ~47%
and ~32%, respectively, are present. Of the 133 waters in the
network in IIA, only 26 are present in all monomers of the
structures at 1.1 A; nevertheless, of these eight are conserved
in all apo Ffh NG structures and two are completely conserved
among all binding states of 7. aquaticus Ffh NG.

The second network, which we which term network b,
occupies a hydrophobic pocket that contributes to the ‘latch’
interface of the Ffh NG domain and links conserved GTPase
motifs I and III (Fig. 6b). It comprises 15 water molecules in
structure IIA, of which five are conserved in all monomers of
the 1.1 A structures and four are conserved in all monomeric
binding states. These conserved waters contribute to three
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continguous water-ring structures in tetrameric, pentameric
and hexagonal (with the carbonyl of Leul92) hydrogen-
bonding arrangements that are positioned above a hydro-
phobic surface (Fig. 6b). The network remains well repre-
sented across the different monomers, as in structure 14, 11s1
and structure IIB ~76% of the water positions in network b
are occupied and in structure IB ~65% are occupied. Four of
the seven residues that donate polar atoms to the hydrogen-
bonding network are evolutionarily conserved in SRP
GTPases; interestingly, the peptide flip at GIn107 (Fig. 1b),
which brings the carbonyl O atom of this residue from an
interaction with network a to an interaction with network b,
can perhaps be considered to couple them. The significance of
the cluster is that it is located between helices o2, @3 and the
DAGQ motif (Fig. 6b; Focia, Shepotinovskaya et al., 2004),
which together undergo a concerted conformational change
during assembly of the heterodimeric complex with the
receptor FtsY: these waters, then, must be released to allow
the reconfiguration of the motif at the heterodimer interface.

Finally, network ¢ spans the interface of the N and G
domains (Fig. 6¢). It includes three waters (W426, W429,
W440) identified previously as contributing to mobility of the
interface between the N and G domains of Ffh (Ramirez et al.,
2002) and of the 42 water molecules that can be identified in
the network, ~23% are buried at the interface. 16 are
conserved in all monomers of the 1.1 A structures and the
cluster identified in IIA is similarly present in each of the
others: of the water positions that comprise network c, ~64%
are present in structure 1A, ~85% in structure I1B and ~68%
in 11s1 and in structure IB. 28 protein residues contribute polar
atoms to the hydrogen-bonding network, of which eight are
evolutionarily conserved in SRP GTPases, but strikingly,
network ¢ has distinct boundaries drawn by two large hydro-
phobic surfaces, the first comprised of 12 hydrophobic side
chains contributed primarily by «N4 and the C-terminal helix
that packs against it and the other formed by six hydrophobic
side chains contributed by the G domain. This interface re-
arranges during assembly of the Ffh—FtsY heterodimer (Focia,
Shepotinovskaya et al., 2004), such that the latter surface, the
underlying B-sheet core of the G-domain, slides over the
former, the N-domain and C-terminal helix of the GTPase
(Gawronski-Salerno et al., 2006).

Although none of the networks can be mapped completely
in a simple way from one structure to the other, the positions
of conserved waters that contribute to each, particularly for
networks b and c, identify a localized ‘core’ or ‘spine’ of water
positions adjacent to the protein surface that is maintained in
each structure (Fig. 6). It has been shown that nucleotide
binding does not cause large conformational changes in the
structure of the Ffh NG domain (Freymann et al, 1999;
Padmanabhan & Freymann, 2001). That is, aside from the
binding pocket itself (i.e. cluster a), the protein structure and
therefore the water-cluster interactions of clusters b and c are
likely to be largely maintained prior to interaction with the
receptor. Further, although cluster a comprises much of the
active site, the conserved elements of the cluster are adjacent
to, but not within, the binding site (see Fig. 3b). As the

nucleotide (or its proxy; here, MES) binds, the center of
network a must be largely released but its periphery retained.
These observations, though illustrative, highlight that each of
these networks is associated with functionally significant
conformational changes that occur during the initial stages of
the assembly of the targeting complex of the SRP GTPases
Ffh and FtsY. Upon assembly of the Ffh-FtsY receptor
complex, extensive rearrangement of the N/G interface and
the o2/3/DAGQ packing regions that contribute to the ‘latch’
interface occurs and those regions are largely desolvated
(Egea et al., 2004; Focia, Shepotinovskaya et al., 2004). The
core positions of clusters b and ¢ are conserved and both are
delimited by adjacent hydrophobic surfaces that may play a
role in facilitating water release and protein rebinding at the
interface (Royer et al., 1996).

4. Conclusions

The ultrahigh-resolution structures of Ffh NG illustrate a
number of phenomena that must be occurring in all proteins in
their interaction with water; they also allow us to begin to
focus on particular regions of water structure that are likely to
be functionally important. Firstly, we establish local adjust-
ment (or ‘sloshing’) of water molecules in conjunction with
movement of protein residues as they adopt alternate
configurations. This behavior, which can be readily observed
in structures determined at ultrahigh resolution (Yamano et
al., 1997), maintains hydrogen-bonding interactions with the
protein and preserves much of the overall water structure.
Secondly, we observe the conservation of a subset of water
positions between the different high-resolution structures and
between the structures at lower resolution of the apo and
nucleotide-bound protein. Finally, three functionally impor-
tant pockets contain networks of hydrogen-bonded water
molecules that are maintained in a large part between
different structures determined under different solution and
crystal-packing conditions.

Previous studies suggest that different water positions
observed in multiple structures of the same protein together
define the complete solvent structure, although all positions
are not always occupied simultaneously (Mattos & Ringe,
2001); that is, different structures sample different discrete
populations of water surrounding the protein structure. This
aggregate arrangement is thought to be conserved, with local
changes to the arrangement of water positions resulting from
minor protein conformational changes. Further, the observa-
tion of water at particular positions in this arrangement is
primarily dictated by the resolution and quality of the data,
the relative level of order of nearby protein atoms and the
distance between the water position and ordered protein
atoms. Here, in structure 11, we identify ~10% of the water in
alternate positions; these can perhaps be considered to be
sampling the aggregate distribution of water structure. Studies
of conserved water positions in multiple structures of a protein
have also suggested that only relatively few water positions
are conserved, irrespective of crystal-packing environment
and crystallization conditions (Loris et al, 1999, 1994). We
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identify from 17 to 28% of observed waters as conserved
between structures determined under different crystallization
conditions.

The arrangement of water positions contributing to three
networks is to some extent conserved among multiple struc-
tures of apo Ffth NG at 1.1 A resolution which had different
crystallization conditions and crystal packing. The clustered
water structure can be considered to be anchored by ‘spines’
of five or six highly conserved water molecules that contribute
to the first-shell hydration of the protein (see Fig. 6) and that
presumably can adjust to small shifts in protein backbone and
side-chain configuration (see Fig. 2). We find that these clus-
ters are similarly present in each of the structures compared.
However, while over half of the waters identified as conserved
between structures contribute to the three clusters we discuss
(the others contribute to other regions that are not consid-
ered), with respect to the water networks themselves as few as
19% and maximally 38% are present in similar positions in the
different structures. This is consistent with and may arise from
longer distance ‘sloshing’ of the water structure (and so
rearrangement, not addressed here). Certainly contributing to
the difficulty in analyzing this in these structures is the intrinsic
disorder of protein and solvent-atom configurations described
above.

Also, importantly, the promiscuity of binding, particularly at
the nucleotide-binding site, such that solute interactions
interfere with intrinsic ‘protein-directed’ water structure,
interferes with any attempt to image a ‘pristine’ water struc-
ture. Although the conservation of the water structure with
and without an acetate molecule in the Ffh NG active site
suggests that small molecules that continue this hydrogen-
bonding pattern can be readily bound without major pertur-
bation of the local water structure, the behavior of MES
binding suggests that a simple analysis is necessarily incom-
plete. Ligand atoms must displace bound water molecules
from the hydrogen-bonding network as they approach the
binding site before energetically favourable rearrangements
that make the ligand binding more favourable than water
binding can occur. These networks are presumably exploited
by nature to guide the binding of ligands or proteins at a
protein’s surface. The presence of the highly conserved and
extensive hydrogen-bonding networks around the protein’s
surface may also be exploited by nature to communicate large
conformational changes of the protein (Eisenmesser et al.,
2005; Volkman et al., 2001). However, whether or not the
distinct configurations of the water networks we identify here
serve to couple functionally important alternate configura-
tions of residues of Ffh that are distant in space remains to be
established.

This work can also be taken as a caution. Although further
studies of the water structure of multiple binding states of the
same protein at ultrahigh resolution will allow investigation
into the role of water structure in binding and conformational
change, such studies must be carefully considered in the
context of their crystal-packing and solution environments.
The former significantly constrict that part of the structure
that can be considered to ‘interact’ with solvent; the latter

introduce solutes specific to the experiment that may or may
not interfere with understanding the overall behavior of
binding. Nevertheless, the three ultrahigh-resolution struc-
tures of the apo Ffh NG domain begin to allow us to focus on
particular regions of the protein and define subsets of solvent
interactions that are likely to play a key role in the function of
these proteins. They should contribute to the detailed under-
standing of the mechanism by which binding GTP and inter-
actions during the encounter of the two SRP GTPases at the
membrane trigger the conformational changes that assemble
the latched state of the SRP protein-targeting complex.
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