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a b s t r a c t
We report the crystal structure of the 5-residue peptide acetyl-YEQGL-amide, determined directly from
powder X-ray diffraction data recorded on a conventional laboratory X-ray powder diffractometer. The
YEQGL motif has a known biological role, as a trafﬁcking motif in the C-terminus of mammalian P2X4
receptors. Comparison of the crystal structure of acetyl-YEQGL-amide determined here and that of a complex formed with the l2 subunit of the clathrin adaptor protein complex AP2 reported previously, reveals
differences in conformational properties, although there are nevertheless similarities concerning aspects
of the hydrogen-bonding arrangement and the hydrophobic environment of the leucine sidechain. Our
results demonstrate the potential for exploiting modern powder X-ray diffraction methodology to
achieve complete structure determination of materials of biological interest that do not crystallize as single crystals of suitable size and quality for single-crystal X-ray diffraction.
Ó 2011 Elsevier Inc. All rights reserved.

1. Introduction
Single-crystal X-ray diffraction has underpinned many major
breakthroughs in structural biology (Ban et al., 2000; Crowfoot
Hodgkin et al., 1955; Deisenhofer et al., 1984; Kendrew et al.,
1958; Perutz et al., 1960; Schluenzen et al., 2000; Wimberly et al.,
2000), although it is important to recognize that an intrinsic limitation of this technique is the requirement to prepare a single-crystal
specimen of sufﬁcient size, quality and stability. Unfortunately, for
many molecules of biological interest, the preparation of suitable
single crystals can represent an insurmountable challenge, and under such circumstances, structure determination by single-crystal
X-ray diffraction becomes impossible. In such situations, how can
progress be made to determine the structural properties of the
material of interest?
In solid-state and materials sciences, the application of singlecrystal X-ray diffraction is also subject to the limitation of obtaining
a suitable single-crystal specimen, but in these ﬁelds there has been
considerable progress in recent years in the opportunities for
carrying out structure determination directly from powder X-ray
Abbreviations: c-Abu, c-aminobutyric acid; AP2, clathrin adaptor protein
complex 2; CD, circular dichroism spectrometry; Piv, pivaloyl; U, any hydrophobic
amino acid.
⇑ Corresponding authors.
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c.uk (K.D.M. Harris).
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diffraction data, circumventing the need to prepare a suitable single
crystal of the material of interest. In the case of organic molecular
materials, recent advances in techniques for ab initio structure
determination from powder X-ray diffraction data (Altomare et al.,
2008; Brodski et al., 2005; Brunelli et al., 2003; Chernyshev, 2001;
David and Shankland, 2008; David et al., 2002; Favre-Nicolin and
Černý, 2004; Hammond et al., 1997; Harris, 2003, 2009; Harris and
Cheung, 2004; Harris et al., 1994; Huq and Stephens, 2003; Kariuki
et al., 1996; Lightfoot et al., 1992; Tremayne, 2004; Tsue et al.,
2007) are such that the structural properties of organic materials
of moderate complexity can now be established relatively routinely
by this approach (in particular by exploiting the direct-space strategy for structure solution), creating the opportunity to elucidate
the structural properties of a wide range of materials that are unsuitable for investigation by single-crystal X-ray diffraction.
Among the range of structures that have been determined previously from powder X-ray diffraction data using the direct-space
strategy, there are a number of oligopeptide structures, including
Phe–Gly–Gly–Phe (Tedesco et al., 2000), Piv–LPro–Gly–NHMe
(Tedesco et al., 2001) and Piv–LPro–c-Abu–NHMe (Cheung et al.,
2002). In addition, crystal structures of cyclic-beta-peptides have
also been determined directly from powder X-ray diffraction data
using traditional (reciprocal space) structure solution techniques
(Seebach et al., 1997).
Our previous structural studies of peptide materials by powder
X-ray diffraction were selected primarily to address speciﬁc
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structural issues, rather than to resolve important biological
questions, and we are now focusing on applying this structure determination strategy to tackle structural problems of greater biological
importance. In the present paper, we exploit modern powder X-ray
diffraction methodology to achieve complete structure determination of a model oligopeptide with a known biological role, YEQGL
(Fig. 1a), which is the trafﬁcking motif in the C-terminus of mammalian P2X4 receptors.
We note that the crystal structure of YEQGL was determined
here from powder X-ray diffraction data recorded on a conventional laboratory X-ray powder diffractometer, underlining the fact
that it is generally feasible to carry out structure determination of
organic materials using powder X-ray diffraction data recorded on
a conventional laboratory instrument. In this ﬁeld, it is only under
certain speciﬁc circumstances that the use of data recorded at a
synchrotron source becomes essential (for a more detailed discussion of this issue, see: Harris and Cheung, 2004). We also note that
the crystal structure of YEQGL represents one of the most complex
structural problems (with 21 torsion-angle variables required to
deﬁne the molecular conformation) that has so far been reported
from powder X-ray diffraction data by the direct-space structure
solution technique.
1.1. Biological background
P2X receptors are plasma membrane ATP-gated cation channels,
which play key physiological roles in nerve transmission, pain sensation and inﬂammation, and are important drug targets for the
treatment of inﬂammatory and neuropathic pain (Khakh and North,
2006). A functional P2X receptor is formed from three subunits. Each
subunit has intracellular N- and C-termini, two transmembranespanning a-helices, and a large ecto-domain, which contains the
binding sites for ATP (Surprenant and North, 2009). The highly
variable intracellular C-terminal domains of P2X receptors contain
motifs that are important for downstream signaling, plasma membrane targeting and protein trafﬁcking (Denlinger et al., 2001;
Surprenant and North, 2009). The P2X4 receptor subtype undergoes
constitutive recycling between the plasma membrane and endosomes (Bobanovic et al., 2002). This process is mediated by the clathrin adaptor protein complex AP2, and results in most of the receptor
being found on intracellular membranes (Royle et al., 2005). The l2
subunit of AP2 is known to recognize the canonical four amino-acid

consensus sequence YXXU, where X is any amino acid and U represents a hydrophobic amino acid such as leucine (Bonifacino and
Dell’Angelica, 1999). Royle et al. demonstrated that the l2 subunit
of AP2 could also recognize the non-canonical ﬁve amino-acid motif
YEQGL present in the C-terminus of P2X4 (residues 378–382), and
solved the crystal structure (by single-crystal X-ray diffraction) of
l2 in complex with a 10-residue peptide (VEDYEQGLSG; residues
375–384 of rat P2X4), demonstrating that the YEQGL motif could
be accommodated within the binding site (Royle et al., 2005). However, the native structure of the YEQGL motif has never been
determined.
1.2. Background to structure determination from powder X-ray
diffraction data
Although single-crystal and powder X-ray diffraction patterns
contain essentially the same information, in the single-crystal case
this information is distributed in three-dimensional reciprocal
space, whereas in the powder case the three-dimensional diffraction data are effectively compressed into one dimension (intensity
versus diffraction angle 2h) as a consequence of the random orientational distribution of the crystallites in the powder sample. Such
compression of the three-dimensional diffraction data into one
dimension usually results in extensive overlap of peaks in a powder X-ray diffraction pattern, particularly for structures with large
unit cells and low symmetry, which is generally the case for molecular crystal structures. As a consequence of peak overlap, the process of extracting intensity data from the powder X-ray diffraction
pattern can be associated with unreliability, leading to difﬁculties
in attempting to carry out structure solution using such data.
In the present day, most reported crystal structure determination of organic molecular solids from powder X-ray diffraction data
employs the direct-space strategy for structure solution (Harris
et al., 1994), in which the task of structure solution is transformed
into a ‘‘global optimization’’ problem. In the direct-space strategy
(David and Shankland, 2008; Harris and Cheung, 2004), trial crystal
structures are generated in direct space, independently of the
experimental powder X-ray diffraction data, and the quality of
each trial structure is assessed by direct comparison between the
powder X-ray diffraction pattern calculated for the trial structure
and the experimental powder X-ray diffraction pattern. This comparison is quantiﬁed using an appropriate ﬁgure-of-merit. In our

Fig. 1. (a) The acetyl-YEQGL-amide peptide. (b) Deﬁnition of the torsion-angle variables (indicated by red arrows) in our direct-space structure-solution calculations for
acetyl-YEQGL-amide from powder X-ray diffraction data. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
paper.)
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implementations of the direct-space strategy, the ﬁgure-of-merit is
the weighted powder proﬁle R-factor Rwp, which considers the entire digitized intensity proﬁle point-by-point, rather than the integrated intensities of individual diffraction maxima, and thus takes
peak overlap implicitly into consideration. Clearly, this approach
circumvents the need to extract the intensities of individual reﬂections from the experimental powder X-ray diffraction pattern.
In a direct-space structure-solution calculation, each trial structure is deﬁned by a set (C) of structural variables, which represent
the position, orientation and intramolecular geometry of each molecule in the asymmetric unit. In general, the position of the molecule is deﬁned by three coordinates {x, y, z} and the orientation is
deﬁned by three rotation angles {h, u, w}. The bond lengths and
bond angles of the molecule are ﬁxed at standard values, and the
intramolecular geometry is speciﬁed by a set of variable torsion angles {s1, s2, ..., sn} to deﬁne the molecular conformation. Thus, in
general, for each molecule in the asymmetric unit, there are 6 + n
variables, C = {x, y, z, h, u, w, s1, s2, ..., sn}.
The aim of the direct-space strategy is to ﬁnd the trial crystal
structure that corresponds to lowest R-factor, and is equivalent
to exploring a hypersurface Rwp(C) to ﬁnd the global minimum.
In principle, any technique for global optimization may be used,
and our current work in this ﬁeld has focused on the implementation of genetic algorithm (GA) techniques for direct-space structure solution (Habershon et al., 2003; Harris et al., 1998, 2004;
Kariuki et al., 1997; Turner et al., 2000).
The aim of structure solution is to obtain a good approximation
to the correct crystal structure, which serves as a starting point for
the subsequent structure reﬁnement stage of the structure determination process, leading to a more accurate, higher quality description of the structure. The assumptions made in direct-space
structure-solution calculations concerning the ﬁxed values of bond
lengths and bond angles are relaxed subsequently in the Rietveld
reﬁnement stage. For powder X-ray diffraction data, structure
reﬁnement is carried out routinely using the Rietveld reﬁnement
technique (McCusker et al., 1999; Rietveld, 1969; Young, 1993).
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2.1. Structure determination of acetyl-YEQGL-amide
The powder X-ray diffraction pattern of acetyl-YEQGL-amide
was indexed using the program DICVOL04 (Boultif and Louër,
2004) (M20 = 22.1, F20 = 48.2), giving the following unit cell with
monoclinic metric symmetry: a = 21.34 Å, b = 16.91 Å, c = 4.84 Å,
b = 109.6° (V = 1645.1 Å3). Given the volume of this unit cell and
consideration of density, the number of formula units in the unit
cell was assigned as Z = 2. From systematic absences, the space
group was assigned as P21 (corresponding to Z0 = 1). Proﬁle ﬁtting
using the Le Bail method (Le Bail et al., 1988) gave a good quality
of ﬁt (Rwp = 1.98%, Rp = 1.49%; Fig. 2a). The reﬁned unit cell and
proﬁle parameters obtained from the Le Bail ﬁtting procedure were
used in the subsequent structure-solution calculation.
Structure solution was carried out using the direct-space genetic algorithm (GA) technique incorporated in the program EAGER
(Albesa-Jové et al., 2004; Cheung et al., 2006; Fujii et al., 2010;

2. Materials and methods
HPLC-puriﬁed acetyl-YEQGL-amide was purchased from the
University of Bristol Peptide Synthesis Facility (Bristol, UK) and
supplied as lyophilized powder. The sample of acetyl-YEQGLamide was crystallized by slow evaporation from aqueous solution,
yielding very small needle-shaped crystals (width less than ca.
10 lm).
Powder X-ray diffraction data were recorded at ambient temperature on a Bruker D8 diffractometer operating in transmission
mode (Ge-monochromated CuKa1 radiation; k = 1.5406 Å; linear
position-sensitive detector covering 12° in 2h; 2h range 3.5°–70°;
step size 0.017°; data collection time 17 h).
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were carried out on a TA Instruments Q600 Simultaneous TGA/DSC instrument for an accurately weighed sample
(ca. 10 mg) heated at 3 °C min1. A mass loss of 2.94% was observed at ca. 41.5 °C (corresponding to an endothermic peak in
the DSC measurement), in close agreement with the calculated
mass percentage of water (2.70%) in a monohydrate of acetylYEQGL-amide.
Circular dichroism (CD) spectroscopy was performed on an
Applied Photophysics Chirascan Circular Dichroism Spectrometer
using a peptide concentration of 0.64 mM in 25 mM potassium
phosphate (pH 7.5) in a quartz cuvette (0.1 cm path length,
Helma). CD spectra were recorded in the wavelength range from
190 nm to 400 nm, and the buffer signal was auto-subtracted.

Fig. 2. Results from powder X-ray diffraction analysis of acetyl-YEQGL-amide: (a)
Le Bail reﬁnement, (b) Rietveld reﬁnement with the water molecule excluded from
the structural model, and (c) the ﬁnal Rietveld reﬁnement with the water molecule
included in the structural model. Each plot shows the experimental powder X-ray
diffraction proﬁle (red + marks), the calculated powder X-ray diffraction proﬁle
(green solid line) and the difference proﬁle (purple, lower line). Tick marks indicate
peak positions. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this paper.)
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Guo and Harris, 2005; Guo et al., 2008; Kariuki et al., 1999; Pan
et al., 2006; Tedesco et al., 2003). In the GA structure-solution calculation, the acetyl-YEQGL-amide molecule was deﬁned by a total
of 26 structural variables – two positional variables (for space
group P21, the origin can be ﬁxed arbitrarily along the b-axis, and
thus the translational variable along the b-axis was ﬁxed), three
orientational variables, and 21 torsion-angle variables (Fig. 1b).
The torsion angles (H–N–C@O) deﬁning the conformations of the
amide groups were ﬁxed at 180°, corresponding to the conformation normally observed in peptide structures. Each GA structuresolution calculation involved the evolution of 100 generations for
a population of 1000 structures, with 500 mating operations and
250 mutation operations carried out per generation. Eight independent GA calculations were carried out, with the same goodquality structure solution obtained in two cases.
To establish the location of the water molecule in the crystal
structure, further GA calculations were carried out with a water
molecule introduced into the structural model, and with the acetyl-YEQGL-amide molecule ﬁxed at the position established from
the GA calculation discussed above. However, this approach did
not yield a reasonable position for the water molecule. Instead,
the water molecule was located by inspection of the structure solution, based on the fact that the water molecule may be expected to
be engaged in hydrogen bonding with the acetyl-YEQGL-amide
molecule. On this basis, a void with sufﬁcient space to accommodate a water molecule was identiﬁed. When located in this void,
the water molecule forms hydrogen bonds with the sidechains of
the tyrosine and glutamine residues of the acetyl-YEQGL-amide
molecule.
This monohydrate structure of acetyl-YEQGL-amide was used
as the initial structural model for Rietveld reﬁnement, which was
carried out using the GSAS program (Larson and Von Dreele,
1994). Standard restraints were applied to bond lengths and bond
angles, planar restraints were applied to aromatic rings and a global isotropic displacement parameter was reﬁned. The ﬁnal Rietveld reﬁnement gave a good ﬁt to the powder X-ray diffraction
data (Rwp = 3.15%, Rp = 2.21%, RF2 = 7.96%; Fig. 2c), with the following reﬁned parameters: a = 21.3723(15) Å, b = 16.9359(8) Å,
c = 4.84290(22) Å, b = 109.5541(35)°; V = 1651.84(20) Å3 (2h range,
3.02–77.00°; 3936 proﬁle points; 148 reﬁned variables). For comparison, Rietveld reﬁnement with the water molecule excluded
from the structure gave a signiﬁcantly inferior ﬁt (Rwp = 3.67%,
Rp = 2.71%, RF2 = 9.88%; Fig. 2b), supporting the assignment that
the correct position of the water molecule had been found.

3. Results and discussion
3.1. Structural properties of acetyl-YEQGL-amide
In the crystal structure determined here from powder X-ray diffraction data (Fig. 3), the acetyl-YEQGL-amide molecule adopts a
linear conformation aligned essentially along the a-axis. Along the
short axis of the unit cell (the c-axis), adjacent molecules are related
by translation and give rise to a parallel b-sheet structure along this
axis, involving six intermolecular N–H. . .O hydrogen bonds between
each pair of adjacent molecules (N. . .O distances in the range 2.90–
3.18 Å; Fig. 3a). Along the a-axis, each end of the molecule is connected to the neighbouring molecule by an N–H...O hydrogen bond
involving the C@O group of the acetyl terminus and the NH2 group
of the amide terminus (N...O distance, 2.92 Å). These N–H...O hydrogen bonds, together with the parallel b-sheet structure along the caxis, give rise to a two-dimensional hydrogen-bonded sheet parallel
to the ac-plane (Fig. 3a). Adjacent sheets of this type are bridged by
two hydrogen bonds that link neighbouring molecules along the baxis (Fig. 3b), speciﬁcally: (i) an O–H...O interaction involving O–H

Fig. 3. Crystal structure of acetyl-YEQGL-amide viewed (a) along the b-axis,
showing only the backbone of the peptide, (b) along the c-axis, and (c) along the
b-axis, showing only the residues engaged in hydrogen bonding with the water
molecule. Hydrogen bonds are indicated by blue dotted lines (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version
of this paper.)

of glutamic acid as the donor and O@C of glycine as the acceptor
(O...O distance, 2.65 Å), and (ii) a (rather long) N–H...O interaction
involving an N–H bond of the sidechain of the glutamine residue
as the donor and O@C of the glutamine residue on the backbone
of the neighbouring molecule as the acceptor (N...O distance,
3.31 Å).
The water molecule effectively links the tyrosine and glutamine
residues within a given molecule, and is engaged in hydrogen
bonding with the OH group of tyrosine and the CONH2 group of
glutamine (Fig. 3c). Thus, the water molecule acts as an acceptor
in an O–H...O hydrogen bond involving tyrosine as the O–H donor
(O...O distance, 2.72 Å), and one OH bond of the water molecule is
the donor in a bifurcated hydrogen-bonding arrangement involving both the O and N atoms of the CONH2 group of glutamine in
the same molecule as the acceptors (O–H...O hydrogen bond: O...O
distance, 2.83 Å, O–H...O angle, 150.1°; O–H...N hydrogen bond:
O...N distance, 3.05 Å, O–H...N angle, 144.3°). The other O–H bond
of the water molecule is the donor in an O–H...O hydrogen bond
(O...O distance, 2.71 Å) to the oxygen atom of the CONH2 group of
glutamine in the adjacent molecule within the b-sheet (i.e. along
the c-axis). The i-propyl side-chain of the leucine residue occupies
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a local hydrophobic region of the structure (see Fig. 3b), bounded
by the CH2 group of the tyrosine residue of one neighbouring molecule, and the CH2 group of the glutamic acid residue and the CH3
group of the acetyl terminus of another neighbouring molecule.
3.2. Structural comparison between acetyl-YEQGL-amide and the
YEQGL-l2 complex
We now discuss the similarities and differences between the
structure of acetyl-YEQGL-amide determined here and the previously reported structure of a 10-residue peptide containing the
YEQGL sequence (VEDYEQGLSG; residues 375–384 of rat P2X4)
complexed with the l2 subunit of adaptor protein 2 (Royle et al.,
2005). Aligning the two structures along the peptide backbone of
glutamine and glycine (Fig. 4a) reveals that only the sidechains of
glutamine are superimposed in the two structures, whereas the
tyrosine, glutamic acid and leucine sidechains all adopt signiﬁcantly
different conformations. In the structure of acetyl-YEQGL-amide,
the molecule adopts a more elongated conformation, whereas in
the structure of the peptide-protein complex, the molecule curves
around the l2 subunit binding site (Royle et al., 2005) (Fig. 4c).
In the peptide–protein complex, the hydrogen-bonding arrangement comprises ﬁve signiﬁcant interactions (Fig. 4b). The OH group
of tyrosine is engaged in a hydrogen bonded triad with Asp176 and
Lys203 of l2, the peptide backbone of glutamic acid forms two hydrogen bonds with the backbone of Val422, the backbone of glycine
forms a hydrogen bond with Lys420, and the backbone of leucine
forms a hydrogen bond with a water molecule next to the peptide
binding site. Visualizing these interactions on the surface of l2 demonstrates the speciﬁcity of this protein for the YXXU or YXXGU motif (Fig. 4c). Tyrosine is recognized in a speciﬁc binding pocket by
strong hydrogen bonding. The peptide backbone of two amino acids
(or, in the case of YEQGL, two amino acids plus glycine) interacts
with the surface of l2, with the sidechains pointing away from the
protein, permitting an amino-acid-independent interaction. Finally,
leucine is held in a second speciﬁc binding pocket by hydrophobic
interactions. As a result of these interactions, the YEQGL sequence
is ‘‘wrapped’’ around the binding site of l2.
Although the two structures differ in several aspects, there are
nevertheless notable similarities. In particular, hydrophobic
interactions involving the leucine sidechain (via intermolecular
interactions with hydrophobic regions of neighbouring molecules
in the case of acetyl-YEQGL-amide, or with a hydrophobic pocket
in the case of the peptide–protein complex) are key structural elements for YEQGL. Essentially, the structure of acetylYEQGL-amide differs from the structure of the peptide-protein
complex in the way in which the hydrogen bonding and hydrophobic interactions between the tyrosine and leucine sidechains
are accommodated. In the peptide–protein complex, the tyrosine
and leucine in the YEQGL region interact with speciﬁc binding
pockets on the surface of the l2 protein causing the sequence
to wrap around the protein binding site, which probably changes
the structure of this region signiﬁcantly relative to the native
conformation.
It is reasonable to consider whether the crystal structure of
acetyl-YEQGL-amide bears any resemblance to the structure of
the YEQGL region within the C-terminus of P2X4. At present, no
high-resolution structural data are available for the C-termini of
P2X receptors, so this issue cannot be assessed deﬁnitively. In
the case of zebraﬁsh P2X4.1, it was necessary to truncate the C-terminus in order to obtain crystals that diffract well (Kawate et al.,
2009), suggesting that this region of the protein may be ﬂexible
under native conditions. However, the YEQGL sequence is not present in the C-terminus of zebraﬁsh P2X4.1, and it is possible that the
C-termini of mammalian and ﬁsh P2X4 receptors adopt different
structures or engage in different interactions with other proteins

Fig. 4. (a) Wire-frame comparisons of the crystal structure of acetyl-YEQGL-amide
(gray) and the crystal structure of YEQGL in complex with the l2 subunit of adaptor
protein 2 (green; Royle et al., 2005; PDB code 2BP5). The sidechain and backbone of
glutamine and the backbone of glycine are well aligned with each other, but there is
considerable divergence in the positions of tyrosine, glutamic acid and leucine. (b)
Wire-frame representation of the YEQGL peptide, with hydrogen bonding to the l2
protein shown in thin light-blue lines and indicating the residues of the l2 protein
involved in hydrogen bonding. (c) Wire-frame representation of YEQGL in the
binding site of the l2 protein (gray surface representation). Atoms engaged in
hydrogen bonding with YEQGL are colored red (oxygen) and blue (nitrogen). The
hydrophobic pocket responsible for binding leucine is shown in black. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this paper.)

in vivo. Nevertheless, it is certain that the structure of acetylYEQGL-amide determined here must represent an accessible,
low-energy conformation for this molecule, which may represent
the conformation of this region in the absence of interacting proteins. Finally, we note that CD measurements carried out here for
acetyl-YEQGL-amide in solution (see Supplementary Fig. 1) suggest
that this peptide has a preference for a random coil conformation
in the solution state.
4. Concluding remarks
The crystal structure of acetyl-YEQGL-amide reported here provides a successful demonstration of the applicability of modern
techniques for carrying out ab initio structure determination of
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biologically relevant oligopeptides directly from powder X-ray
diffraction data. Nevertheless, it is important to note that the technical challenges associated with ab initio structure solution from
powder X-ray diffraction data are such that, at present, this technique is most applicable in cases of relatively short peptide sequences. In the present work, we selected a short model peptide
(acetyl-YEQGL-amide) for which the sequence has a known biological role and for which the structure of a complex with its interacting partner (the l2 subunit of AP2) was already available (Royle
et al., 2005) for comparison.
The next stage in the development of powder X-ray diffraction
in structural biology will involve the extension of this methodology
to study larger oligopeptides, representing more challenging structure determination problems, with the ultimate goal of achieving
ab initio structure solution of small proteins in the future, thus circumventing the need to grow single crystals of sufﬁcient size for
conventional protein crystallography. In this regard, it is relevant
to note that considerable progress has been made in recent years
in several aspects of the study of proteins by powder X-ray diffraction (Margiolaki and Wright, 2008), including the optimization of
conditions for recording high-quality powder X-ray diffraction
data for such materials using synchrotron radiation sources. In
favourable cases, the quality of data recorded has been shown to
be adequate to allow successful indexing and structure reﬁnement
(the latter starting from a known structural model, including the
application of ‘‘molecular replacement’’ strategies to deﬁne the
starting model for structure reﬁnement) (Basso et al., 2005;
Margiolaki et al., 2005; Margiolaki et al., 2007; Von Dreele, 1999,
2001; Von Dreele et al., 2006). Although complete ab initio structure solution of a protein structure from powder X-ray diffraction
data has not yet been reported, continued progress in the development of methodology in this ﬁeld (including direct-space structure
solution methodology of the type employed in the present work)
promises to pave the way for achieving this goal in the future.
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