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a b s t r a c t

XylE is a major facilitator (MFS) xylose transporter, which is homologous to the mammalian glucose
transporters (GLUT family). We have previously reported the structure of XylE in fully inward open
and partially occluded inward open conformations in space groups P61 and C2, respectively. Here we
present the crystallization of a third crystal form, P212121 (�4 Å resolution), also representing an inward
facing conformation, and analyze all three forms in terms of crystallization conditions and packing. The
crystallization conditions were generally very similar with only slight changes needed to favor one form
over another, e.g. the presence of lanthanide ions greatly favors C2 over P212121 under otherwise iden-
tical conditions. Cadmium was essential for crystallization of all three forms, which indeed all contain
a Cd2+ ion in a crystal packing interface, though surprisingly in different positions. Cadmium was also
found to bind to XylE in solution. The diffraction data were highly anisotropic for all forms, reflecting
a lack of ordered crystal contacts along one or two of the cell axes. The best diffracting directions thus
consistently correlate with the presence of ordered contacts, most of which are metal-mediated. The data
presented here highlight the utility of metal ions in membrane protein crystallization and suggest that
metal site engineering may be a productive path towards obtaining additional crystal forms of XylE
and other membrane proteins.

� 2013 Elsevier Inc. All rights reserved.

The major facilitator (MFS) superfamily represents the largest
superfamily of secondary active transporters. It is found in all
branches of life and has diversified into numerous families with
diverse substrate specificities (Pao et al., 1998). In general, MFS
transporters consist of 12 transmembrane helices organized into
two structurally similar 6-helical subdomains, which cradle the
substrate binding site (Yan, 2013). They are believed to function
by an alternate access mechanism (Jardetzky, 1966) where the
two subdomains move relative to each other during the transport
cycle to expose the binding site to either the cytoplasm (inward
open state), or the extracellular environment (outward open state),
or to occlude it from both sides (occluded state). At present, struc-
tures are known of all these states (Yan, 2013), but progress in
understanding the transport mechanism has been hampered by
the fact that no cases were known where the same MFS transporter
has been crystallized in more than one state. This has however
recently changed with the structure determination of XylE, a
D-xylose:H+ symporter from Escherichia coli, which is related to

the mammalian glucose transporters (GLUT family) (Davis and
Henderson, 1987). Thus, three structures have been determined
in a slightly outward open occluded conformation in complex with
either xylose, glucose or brominated glucose at 2.6–2.9 Å
resolution (Sun et al., 2012), and two different inward facing struc-
tures have been determined; fully inward open (anisotropic 4.2 Å
resolution) and partially occluded inward open (anisotropic 3.8 Å
resolution) (Quistgaard et al., 2013). This has opened up unprece-
dented opportunities for mechanistic studies, but capturing the
transporter in additional states would likely be necessary to fully
understand the transport mechanism. In order to achieve this,
and perhaps also obtain higher resolution for the inward facing
conformations, we believe that it would be instructive to compare
the present structures in terms of crystallization conditions and
crystal packing. We will mainly focus on the inward facing struc-
tures originating from our lab, but will also discuss our findings
in context of the outward facing occluded structures.

1. A third crystal form of inward facing XylE

The previously reported structures of inward open and partially
occluded inward open XylE were obtained using protein purified in
the detergent decyl maltoside (DM) and crystallized in space
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groups P61 and C2, respectively (Quistgaard et al., 2013). Here we
present the crystallization of a third crystal form, P212121, which
was grown from selenomethionine labeled protein expressed and
purified in DM as described for the other two. The condition for
the best crystal was; 36% PEG 400, 100 mM MES pH 6.5, 200 mM
NaCl and 10 mM CdCl2. Data were collected at Soleil in France
and processed with XDS and XSCALE (Kabsch, 2010) (Supplemen-
tary Table 1). Phasing by molecular replacement with single wave-
length anomalous dispersion (MR SAD) was readily achieved with
Phenix AutoSol (Adams et al., 2010) using the C2 form as search
model and data cut at 4.0 Å resolution (higher resolution data
could potentially have been included at expense of overall com-
pleteness by employing ellipsoidal truncation). The density modi-
fied electron density map and the positions of the anomalous
difference peaks clearly demonstrate that the protein is captured
in an inward facing conformation, which appears to be highly sim-
ilar to the partially occluded conformation also observed for the C2
form (Supplementary Fig. 1). The model was therefore not refined.

2. Comparison of crystallization conditions for inward facing
XylE

The crystallization conditions were highly similar for all
three crystal forms. The P212121 form appeared when using a
condition consisting of 25–40% PEG 400, 100 mM MES pH
6.0–6.5, 0–400 mM NaCl and 5–10 mM CdCl2. However, if the
NaCl concentration was increased to 500–1000 mM, the P61

form appeared instead. For this form, the CdCl2 concentration
could also be lowered slightly. Conversely, if keeping the NaCl
concentration at 0–400 mM, but pre-incubating the protein with
2–5 mM Lu acetate for �1 h before setting up the crystallization
experiment, the C2 crystals appeared. For this form, the pH
could also be lowered to 5.5 and Lu acetate could be replaced
by any other lanthanide salt that we tested, i.e. various salts
of samarium, europium, holmium and praseodymium (Fig. 1).
The P212121 and C2 crystals were quite reproducible and gener-
ally appeared and grew fast (maximum size often attained
within a week), while P61 crystals of useful size, i.e.
P120 lm, were only rarely obtained and usually grew very
slowly (could take months to reach maximum size). It is note-
worthy that the presence of cadmium was essential for all
forms. We tried replacing it with various other divalent cations,

but only with zinc did we also obtain crystals, and these
diffracted very poorly. Without either cadmium or zinc present,
no crystals of any form could be obtained.

3. Role of metal ions in crystal packing of inward facing XylE

When viewing the crystal packing, it is not surprising that cad-
mium was found to be essential for crystallization, as it mediates
crystal contacts in all three forms (Fig. 2A–C). A characteristic of
all tested crystals was the presence of very severe anisotropy in
the diffraction data. The reason for this becomes apparent when
comparing the crystal packing with the diffraction intensity along
the three principle axes as captured by F/sigma versus resolution
plots. For the P61 form, ordered crystal contacts are generated in
the a-b plane by two symmetry operators found parallel to the c-
axis; the crystallographic 61-screw axis and a 3-fold non-crystallo-
graphic symmetry (NCS) rotation-axis, on which the Cd2+ ion is
localized (Fig. 2A). On the other hand, no ordered contacts are
found along the c-axis (Fig. 2A). Accordingly, diffraction was much
stronger along the a- and b-axes than along the c-axis (Fig. 2D). For
the P212121 form, only one ordered crystal contact could be identi-
fied, which is generated by a crystallographic 21-screw axis parallel
to the c-axis and mediated by the Cd2+ ion (Fig. 2B). This remark-
able shortage of ordered contacts is reflected in a particularly strik-
ing F/sigma versus resolution plot, revealing far better diffraction
along the c-axis than either a- or b-axes (Fig. 2E). For the C2 form,
a metal-mediated crystal contact is generated in the a-b plane by
the 2-fold crystallographic rotation axis, which is found parallel
to the b-axis and the C-centering of the lattice. Furthermore, an
additional contact is generated by a 2-fold NCS rotation axis that
is orthogonal to the a-b plane (Fig. 2C). All ordered contacts are
therefore found in the a-b plane, and indeed, diffraction was mark-
edly strongest along the a- and b-axes (Fig. 2F). To sum up, the best
diffracting directions were for all crystal forms found to consis-
tently correlate with the presence of ordered contacts, with half
(P61 and C2) or all of these (P212121) being mediated by metal ions.
Interestingly, the Cd2+ ion is found in different sites in all forms
though always close to His258 (Fig. 3). In the P61 form it is local-
ized between His258 and His262 where it mediates symmetric tri-
merization via the third and longest of the cytoplasmic helices
from its position on the 3-fold NCS axis (Fig. 3A). In the P212121

form it is found in an asymmetric site, which is likely composed

Fig. 1. Morphology of the three different crystal forms. Note however that the morphology of the C2 and P212121 forms were rather variable. Variations in the P212121

crystallization condition are given that would lead to either of the other crystal forms.
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