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The use of heavy water (D2O) as a solvent is commonplace in many spectroscopic techniques for the
study of biological macromolecules. A significant deuterium isotope effect exists where hydrogen-bond-
ing is important, such as in protein stability, dynamics and assembly. Here we illustrate the use of D2O in
additive screening for the production of reproducible diffraction-quality crystals for the Salmonella
enteritidis fimbriae 14 (SEF14) putative tip adhesin, SefD.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The rate limiting step in macromolecular X-ray crystallography
is obtaining diffraction-quality crystals, where many adaptations
to standard procedures have been developed to promote crystalli-
sation [1]. Traditional approaches include producing truncated ver-
sions in which flexible regions are removed and mutagenesis to
alter the surface characteristics [2,3]. More recently, methods
including reductive methylation of lysine side-chains [4], in situ
proteolysis [5] and ligand binding screens [6], have been deployed
to increase success rates in protein crystallisation. New additives
have also been discovered for use with membrane proteins, which
are particular difficult to study due to a limited range of suitable
detergents [7].

In the absence of suitable crystals, solution-state NMR spectros-
copy can be used to determine high resolution structures of small
to medium sized proteins. Before the introduction of isotope label-
ling and multidimensional heteronuclear NMR, it was necessary to
exchange samples into deuterated water (D2O) to eliminate signal
interference from the solvent and exchangeable protons. Deute-
rium exchange is also commonly used in Infra-red spectroscopy,
Raman spectroscopy and neutron scattering studies to reduce
unwanted signal associated with protons. The use of D2O remains
a useful strategy for improving the outcome of modern NMR
experiments, particularly in studies of methyl-labelled samples of
very large systems [8].
ll rights reserved.

atthews).
The importance of hydration has been highlighted in studies
quantifying the effects of D2O on protein structure, stability and
dynamics [9–11]. Isotope fractionation measurements have
revealed that weak hydrogen bonds tend to accumulate deuterium
rather than protium [12] and subsequent changes in bond lengths
alter the geometry of multiple hydrogen bond networks [13]. The
kinetics of protein assembly also displays marked D/H isotope
effects [14–16]. Despite this work, the usefulness of D2O for
promoting protein crystallisation in sparse matrix screening has
not been described.

Salmonella enteritidis fimbriae 14 (SEF14) [17] is exported via
the chaperone-usher fibre assembly pathway [18] and the putative
tip adhesin, SefD, is essential for efficient uptake or survival of
S. enteritidis in macrophages [19]. We originally obtained a single
crystal of recombinant SefD in standard H2O-based commercial
screens, but this hit could not be readily reproduced. Here, we
report the usefulness of D2O in overcoming this issue for SefD
and describe the effects on crystal lattice formation. We propose
that D2O would be a useful additive for the use in optimising
standard commercial crystallisation screens.
2. Materials and methods

2.1. Cloning, expression and purification

Salmonella enteritidis SefD (residues 3–143, lacking the N-termi-
nal signal sequence) was isolated from a synthetic gene (Invitro-
gen) with a reverse primer containing a DNKQ tetrapeptide
linker, followed by the N-terminal donor strand (residues 2–18)
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of SefA. This produced a donor-strand complemented gene product
herein referred to as SefDdscA. This was cloned into a pQE-30 plas-
mid (Qiagen) containing a vector encoded N-terminal His6 tag. This
was transformed into Escherichia coli BL21 (DE3) strain and grown
at 37 �C in LB. Expression was induced with 0.5 mM IPTG at
OD600 nm = 0.6 followed by incubation overnight at 18 �C. After har-
vesting the cells, they were lysed in the presence of 8 M urea and
SefDdscA purified with Ni2+ affinity chromatography under denatur-
ing conditions. After elution, SefDdscA was dialysed against 50 mM
Na acetate pH 5.0, 200 mM NaCl, 1.0 M urea, followed by dialysis
against 50 mM Na acetate pH 5.0, 200 mM NaCl and gel filtered
with a Superdex-200 column (GE healthcare). SefDdscA was finally
concentrated to 10 mg/ml (for crystallisation in 0% D2O) or ex-
changed into buffer made up in 100% D2O and then concentrated
to 10 mg/ml (for crystallisation in 50/100% D2O).
2.2. Crystallisation

Conditions for crystallisation were initially screened by the sit-
ting-drop method of vapour diffusion at 293 K using sparsematrix
crystallisation kits (Hampton Research, USA; Emerald BioSciences,
USA; Molecular Dimensions Ltd., USA) in 96-well MRC plates with
100 nl protein solution and 100 nl reservoir solution using a Mos-
quito nanolitre high-throughput robot (TTP Labtech). Crystals of
SefDdscA grown in 4 M ammonium acetate, 0.1 M sodium acetate
pH 4.6, 0% or 100% D2O (SefDdscA exchanged into 100% D2O buffer
and all well reagents reconstituted in 100% D2O) were washed in
well solution plus additional 30% (v/v) glycerol and then flash
Table 1
Data collection statistics.

0% D2O 100% D2O

Crystal parameters
Space group P6522 P212121

Cell dimensions a = b = 52.48,
c = 218.03

a = 52.66, b = 87.96,
c = 211.75

Data collection
Beamline DLS I24 DLS I24

Wavelength (ÅA
0

) 0.9778 1.5498

Resolution (ÅA
0

) 3.1–45.45 3.1–47.15

(3.1–3.18) (3.1–3.18)
Unique observations 3659 (250) 18325 (1290)
Rsym 0.072 (0.443) 0.076 (0.45)
<I>/rI 15.2 (3.2) 14.2 (3.0)
Completeness (%) 98.7 (99.5) 98.7 (97.3)
Redundancy 4.2 (4.6) 4.9 (4.9)

Refinement
Rwork/Rfree (%) 26.8/33.2 25.9/30.2
Number of protein residues 131 777
rmsd stereochemistry

Bond lengths (ÅA
0

) 0.010 0.009

Bond angles (�) 1.811 1.609
Ramachandran analysis

Residues in outlier
regions

0 0

Residues in favoured
regions (%)

93.7 90.9

Residues in allowed
regions (%)

100 100

Numbers in parentheses refer to the outermost resolution shell.
Rsym = R|I � <I>|/RI where I is the integrated intensity of a given reflection and <I>is
the mean intensity of multiple corresponding symmetry-related reflections.
Rwork = R||Fo| � |Fc||/RFo where Fo and Fc are the observed and calculated structure
factors, respectively.
Rfree = Rwork calculated using �10% random data excluded from the refinement.
rmsd stereochemistry is the deviation from ideal values.
Ramachandran analysis was carried out using Molprobity [37].
frozen in liquid N2. Diffraction data were collected at 100 K on
beamline I24 of the Diamond Light Source (DLS), UK.

2.3. Crystal structure determination and refinement

2.3.1. 0% D2O crystal form
Data were processed using XIA2 [20] and scaled with SCALA

[21] to 3.1 Å. Molecular replacement was performed in PHASER
[22] using the structure of DraD (pdb: 2AXW; residues 1–118)
[23] as the search model. PARROT [24] was used to remove model
bias and initial automated model building was performed with
BUCANEER [25]. Refinement was carried out with REFMAC [26]
using jelly body restraints, map sharpening, with 5% of the reflec-
tions omitted for cross-validation, and model building was carried
out in COOT [27]. TLS B-factor refinement [28,29] is usually not
carried out at low resolution, although in this case it was imple-
mented as it reduced the Rfree by 3% and improved the map quality.
Processing and refinement statistics for the final model can be
found in Table 1.

2.3.2. 100% D2O crystal form
Data were processed using XIA2 [20] and scaled with SCALA [21]

to 3.1 Å. Molecular replacement was next performed with the 100%
D2O data using the previous refined structure as the search model
with MOLREP [30] using the ‘use pseudo-translational symmetry’
option. Refinement was carried out in REFMAC [26] using auto-
mated NCS restraints, jelly body restraints, map sharpening, with
5% of the reflections were omitted for cross-validation, and model
building was carried out in COOT [27]. Again TLS B-factor refine-
ment was implemented [28,29] as it had a very positive effect on
the final map quality and R-factors. Processing and refinement
statistics for the final models can be found in Table 1.

2.4. Protein Data Bank accession number

The coordinates and structure factors have been deposited in
the PDB under accession number 3UIY (0% D2O) and 3UIZ (100%
D2O).
3. Results and discussion

3.1. Crystallisation of SefDdscA

In the chaperone-usher family of pili, fibre polymerisation occurs
through a process termed donor strand exchange (DSE) [31,32], con-
cluding with the N-terminal extension (NTE) of one pilin domain
complementing the incomplete immunoglobulin-like fold of an
adjacent subunit. To avoid polymerisation we created a donor-
strand complemented (DSC) [33] construct of SefD (SefDdscA), in
which the NTE from the SefA subunit was cloned onto the C-termi-
nus of SefD, separated by a tetrapeptide (DNKQ) linker.

An initial crystallisation screen of SefDdscA against more than
1000 standard conditions identified only microcrystals or precipi-
tates which could not be optimised. After several months a solitary
crystal developed in one condition (4 M ammonium acetate, 0.1 M
sodium acetate pH 4.6), however, despite exhaustive efforts, it was
not possible to reproduce this crystal with subsequent optimisa-
tion in H2O. However, when the protein sample was buffer ex-
changed into 100% D2O (creating a 50% D2O solution in the final
crystallisation drop) this led to immediate reproducibility of the
initial hit with crystal clusters appearing after a few days (Fig 1).
Complete exchange of both precipitant mixture and protein solu-
tion into 100% D2O yielded significant improvements in crystal
morphology, with large single crystals developing in the majority
of the optimisation drops (Fig. 1).



Fig. 1. Representative images of SefDdscA crystals grown in both 50% and 100% D2O.

Fig. 2. Global arrangement of SefDdscA molecules within crystals grown in 0% and 100% D2O. (A) Domain-swapped dimer of SefDdscA in 0% D2O. The single molecule of the
asymmetric unit is coloured yellow whilst its symmetry mate is coloured olive. The dimer face is composed of a hydrophobic surface and solely backbone hydrogen bonding
within the A2-G0-G-A20 sheets. (B) Crystal packing in the 0% and 100% D2O crystal forms. Top panel: SefDdscA molecules (green) form ‘rod-like’ structures and the unit cells are
viewed down the crystallographic c-axis. The spacegroup C2221 (0% D2O: red box) is a subgroup of P6522 (orange box) and is very similar to the P212121 (100% D2O: red box)
packing. Bottom panel: SefDdscA domain-swapped dimers (red, blue and green) viewed parallel to half the unit cell c-axis. The asymmetric units are represented as dashed
boxes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Diffraction data were collected from the single crystal grown in
0% D2O and several crystals from 100% D2O. The structures were
solved by molecular replacement and both refined to 3.1 Å (Table
1 and Supplementary Fig. 1). Surprisingly, whilst SefDdscA in 0%
D2O crystallised in space group P6522 (a = b = 52.5 and c = 218.0),
in 100% D2O SefDdscA crystallised in P212121 (a = 52.7, b = 88.0
and c = 211.8) with additional pseudotranslational non-crystallo-
graphic symmetry (Supplementary Fig. 2).
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3.2. Overall structure of SefDdscA in 0% D2O

There is one molecule of SefDdscA (154 residues) in the asym-
metric unit of the 0% D2O crystal form, corresponding to 54% sol-
vent content (Vm = 2.67) and all residues could be built except for
the flexible N-terminal His6 tag, the flexible C-terminus of SefD
(Glu118-Leu119), and the synthetic loop between SefD and the
SefA NTE [31] (G-strand; Asp120-Phe125). Furthermore, the fol-
lowing solvent exposed side chains were not visible in the electron
density map: Lys4, lys8, Glu11, Arg17, Lys22, Asn31, Arg32, Lys35,
Lys36, Lys45, Lys47, Asn48, Glu72, Asp73, Asp88, Phe89, Glu92,
Asn100, Asp102, Glu116, Ile117, Glu118, Lys129, Lys141 and
Asn143.

SefDdscA is composed of nine b-strands (Supplementary Fig. 3)
and its structure is similar to that of other minor pilin domains
of the Aaf/Dra family [23,34]. SefDdscA purifies as a stable dimer
and the structure shows that the two monomers pack against a
Fig. 3. (A) Effects of deuterium on the inter-domain domain-swapped dimer interface. T
onto a single chain of a 0% D2O dimer (yellow) and clearly demonstrates a twisting and d
The dimer interface which orchestrates these changes is boxed and the secondary structu
in the A2 and G strands are shown as sticks with inter-sheet hydrogen bonds depicted as
sheet structure. (B) Effect of deuterium on the overall packing in crystals of SefDdscA. Pack
the E (blue) and F (purple) chains in the 100% D2O crystal and equivalent positions in the
the right of each is a schematic representation shown as green arrows. In the 0% D2O cr
crystal, due to changes within the domain-swapped dimer interface (Fig. 2; Fig. 3; Supp
dimers is seen (yellow star), whilst to maintain lattice integrity, chains E and F do not fo
figure legend, the reader is referred to the web version of this article.)
hydrophobic face which is stabilized through domain-swapping
(Fig. 2A) via the A2 and G b-strands (which include non-native vec-
tor encoded residues: Lys141, Leu142, Asn143).

3.3. Overall structure of SefDdscA in 100% D2O

In the 100% D2O form, there are six molecules of SefDdscA in the
asymmetric unit, which corresponds to 49% solvent content
(Vm = 2.41) and all residues could be built except for the flexible
N-terminal His6 tags, the flexible C-terminus of SefD (chains A
and D: Glu118; A–D: Leu119) and the synthetic loop (chains A–
D: Asp120-Lys122; A–C: Gln123-Phe125; B: Val126). Furthermore,
chains E and F show considerable disorder in the loop regions
which could not be modelled (chain E: Asn31-Lys36, Ile117-
Val126 and chain F: Ser20-Lys22, Asn78-Ile81, Phe89-Asn91,
Gly99-Asn100, Glu118-Lys129) and it was not possible to build a
substantial number of solvent exposed side chains, namely: Ser2
op panel: A SefDdscA dimer from a 100% D2O crystal (blue) is shown superimposed
isplacement of the other subunit of the dimer in the different solvents (blue arrow).
re is labelled. Bottom panel: (Left) the box has been blown up and backbone residues

dashed lines. (Right) This region has been rotated to highlight the distortion in the
ing of SefDdscA in both crystal forms are shown along the a and c unit cell axes with
0% D2O crystal highlighted. The asymmetric units are depicted as dashed boxes. To

ystals, two ‘face-to-face’ dimers are shown (yellow star), however, in the 100% D2O
lementary Figs. 5 and 7) which are propagated down the c-axis, only one of these
rm the usual dimer (red star). (For interpretation of the references to colour in this
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(chain B), Leu3 (chain C), Lys4 (chains A–E), Met6 (chains A, D and
F), Lys8 (Chains B–F), Glu11 (chains A–F), Asp16 (chains A,B,D,E),
Arg17 (chains A–F), Asn21 (chain E), Lys22 (chains A–E), His28
(chain F), Leu29 (chain F), Phe30 (chain F), Arg32 (chains B and
F), Glu33 (chains A and D), Lys35 (chains A–D and F), Lys36 (chains
A–D and F), Glu44 (chain E), Lys45 (chains A–F), Lys47 (chains A–C,
E and F), Asn48 (chains A–F), Lys64 (chain E and F), Arg66 (chain E),
Arg68 (chain F), Glu72 (chains A–F), Asp73 (chains A–D and F),
Gln75 (chain E and F), Asn78 (chain E), Asp88 (chains A, B, D–F),
Phe89 (chains A, B, C, D and E), Asn91 (chains A, B, C, D and E),
Glu92 (chains A, C, E and F), Phe97 (chain F), Asn100 (chains A,
B, C and D), Glu116 (chains A–F), Ile117 (chains A, C, D and F),
Glu118 (chains B and C), Gln123 (chain D), Phe125 (chain D),
Val126 (chains C and D), Asn128 (chains C and D), Lys129 (chains
A and E), Lys141 (chains A–F) and Asn143 (chains A–F).

The structure of SefDdscA in 100% D2O is in essence identical to
the 0% D2O form (rmsd between 0.37 and 0.56 Å) (Supplementary
Fig. 4). The only deviations are seen in the A2 and G strands which
are involved in domain-swapping within the dimer.

3.4. Comparisons between SefDdscA in 0% and 100% D2O

Crystals of SefDdscA are formed from rod-like structures packing
side-by-side that are themselves composed of domain-swapped di-
mers, which rotate about a central crystallographic c-axis with
either 65 (0% D2O) or 21 (100% D2O) screw-symmetry (Fig. 2B).
The spacegroup C2221 (a = 52.5, b = 90.7, c = 218.0) is a subgroup
of P6522 and the two crystal forms are clearly similar, where the
centred orthorhombic has become a primitive orthorhombic sys-
tem related by non-crystallographic translational symmetry in
the 100% D2O form.

Whilst the overall structures of SefDdscA from both crystal forms
are highly similar, substantial variations are evident in the
orientation of the monomers within the chain AE and BD do-
main-swapped dimers where one subunit is twisted and translated
in relation to the other (Fig. 3A; Supplementary Fig. 5). This
inter-dimer interface is formed in part by a hydrophobic surface
and also significant backbone hydrogen-bonding within the A2
and G b-strands. In addition to this domain-swapped dimer, two
other lattice dimers are also present. The ‘back-to-back’ dimer is
identical in both crystal forms (Supplementary Fig. 6), whilst the
‘face-to-face’ dimer exhibits some deviations (Supplementary
Fig. 7). This latter dimer is responsible for the non-crystallographic
pseudo-translational symmetry, where chains A and D, and chains
B and C are related by the vector (0.5,0.5,0.031), and superimposes
well with the 0% D2O structure (Supplementary Figs. 2 and 7).
However, chains E and F do not form a dimer and as such they
show substantial disorder in these ‘face-to-face’ loop regions.

3.5. Interpreting the increased propensity of SefDdscA crystallisation in
D2O

Whilst studies have been published describing only subtle ef-
fects of D2O on crystal formation [35,36], these have only been
conducted on highly compact, single domain proteins that readily
crystalise in many conditions and generally contain low solvent
levels. It is therefore not possible to extrapolate these conclusions
to biological macromolecules that do not readily crystallise or of
those crystallisation conditions which cannot be reproduced. In
the case of SefDdscA, the improvements in crystal reproducibility
are attributed to the altered interactions in the 100% D2O crystal
form. These changes are largely mediated by the interface within
the domain-swapped dimer which does not contribute to the
structured core. It is clear that this region is more malleable and
that deuterium has altered the lengths and geometry of the hydro-
gen bond networks. The overall effects of these changes are prop-
agated down the c-axis of the 100% D2O crystal form. In these
crystals, the chain EF dimer does not form, increasing the entropy
of SefDdscA, whilst the chain CF domain-swapped dimer is identical
to the 0% D2O crystal form which allows it to stay in register and
maintain lattice formation (Fig. 3B; Supplementary Figs. 5 and 7).

Panaceas for crystallisation problems do not exist and whilst
replacing H2O with D2O in the crystallisation medium is unlikely
to be a miracle additive, our study reveals that this approach can
offer genuine promise in lost causes. The ease at which any bene-
fits of D2O can be tested, by merely buffer exchanging the protein
sample into 100% D2O prior to crystallisation, should enable it to
become routine for sparse-matrix screening in macromolecular
crystallography. Furthermore, the D/H isotope effect may have
more pronounced effects with targets such as membrane proteins,
large RNAs or macromolecules with substantially dynamic
properties.
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