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Abstract

The CD1 family of antigen-presenting molecules is able to display lipids to T cells by binding
them within a hydrophobic groove connected to the protein surface. In particular, the CD1b
isotype is capable of binding ligands with greatly varying alkyl chain lengths through a complex
network of interconnected hydrophobic pockets. Interestingly, mycobacterial lipids, such as
glucose monomycolate (GMM) exclusively bind to CD1b. We determined the crystal structure of
one of the three expressed bovine CD1b proteins, CD1b3, in complex with endogenous ligands,
identified by mass spectrometry as a mixture of phosphatidylcholine and
phosphatidylethanolamine, and analyzed the ability of the protein to bind glycolipids in vitro. The
structure reveals a complex binding groove architecture, similar to the human ortholog but with
consequential differences. Intriguingly, in bovine CD1b3 only the A’, C” and F’ pockets are
present while the T’ pocket previously described in human CD1b is closed. This different pocket
conformation could affect the ability of boCD1b3 to recognize lipids with long acyl chains such as
GMM. However, even in the absence of a T’ tunnel, bovine CD1b3 is able to bind mycolates from
Rhodococcus ruber in vitro.
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Introduction

Tuberculosis, the disease caused in humans by infection with Mycobacterium tuberculosis,
represents a major cause of mortality worldwide, with increasing reports of multidrug-
resistant strains appearing in several countries (1). In addition, bovine tuberculosis, caused
by M. bovis, is of economical and zoonotic concern. Unfortunately, the attenuated bacillus
Calmette-Guerin (BCG) vaccine currently available is of little protective efficacy in humans
and animals (2), highlighting the need of alternative approaches for the development of an
effective vaccine against tuberculosis. In recent years, mycobacterial glycolipid and lipid
antigens have been the focus of much attention in this context due to the T cell stimulatory
activity of these compounds, the stable chemical structure of the lipid backbone due to the
fact that lipids are not directly encoded by genes, and the low level of polymorphism
exhibited by the CD1 family of antigen-presenting molecules that display these antigens to T
cells (3). During mycobacterial infection in humans and animals, CD1-restricted and
glycolipid-specific T cell responses can be detected ex vivo, suggesting a physiologically
relevant role for this mode of antigen presentation. Despite the fact that all these features
would make CD1-presented lipids excellent vaccine subunit candidates, the CD1 system is
often seen as static, not subject to evolutionary pressure exerted by the changing
environmental challenges of an evolving species, and often classified as part of the innate
immune system.

CD1 molecules, similar to MHC Class | molecules, exist on the surface of antigen-
presenting cells as non-covalent heterodimers formed by a CD1 heavy chain and a beta-2-
microglobulin “light” chain (2m)3 (4). While the p2m chain consists of a single
immunoglobulin-like domain, the CD1 heavy chain is anchored to the membrane via a
single-pass transmembrane domain and contains a short intracellular cytoplasmic tail and
three extracellular domains (denominated al, a2 and a3). The C-terminal cytoplasmic tail
usually contains trafficking motifs responsible for the intracellular localization of the protein
(5). The al and a2 ectodomains form the antigen-binding groove responsible for the
recognition of self and non-self antigens, whereas the a3 domain non-covalently associates
with p2m. The CD1 binding groove is highly hydrophobic and defined by two alpha helices
that sit above an antiparallel beta-sheet platform. Antigens are generally bound with the
alkyl chains buried in the deep hydrophobic groove while the glycosidic or polar portion of
the molecule is exposed at the surface for recognition by a T cell receptor or TCR (4).
However, while the overall architecture of these antigen-presenting molecules is conserved,
the size, shape and number of individual pockets differ between the various CD1 isotypes.

In humans, all group 1 CD1 proteins (CD1a, CD1b, and CD1c) are highly expressed on
immature thymocytes and immature and mature dendritic cells while group 2 CD1 (CD1d)
is expressed at lower levels on many cell types (3). A fifth CD1 molecule, CD1e, is not
expressed on the cell surface but is found to be involved in facilitating lipid loading onto
CD1b (6). CD1d is the restricting element for NKT cells, a cell population with a limited T
cell repertoire that can quickly release large amounts of IFN-y and other cytokines (7).
Group 1 CD1 proteins are known for their ability to present lipid antigens to T cells with a
diverse T cell repertoire (8,9). Each of the five human CD1 isotypes possesses typical
characteristics in terms of size and shape of the antigen binding groove as well as its sub-
cellular location. This has led to the general idea that human group 1 CD1 represents all
possible options to present an optimal variety of lipid antigens to T cells: CD1b, with the
biggest antigen binding groove, is the only isotype that can bind mycolates and uses

3[32m, beta-2-microglobulin; GMM, glucose monomycolate; bo, bovine; hu, human; MS, mass spectrometry; PDB, Protein Data
Bank; ES, electrospray ionization; IEF, isoelectric focusing; P1, phosphatidylinositol; GM2, GM2 ganglioside; PC,
phosphatidylcholine; PE, phosphatidylethanolamine.
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lysosomal factors to present exogenous antigens; CD1a has the smallest groove and
functions without intersecting with the lysosome, while CD1c is intermediate in both regards
(10,11). Because all CD1 molecules except CD1d have been deleted in muroid rodents, the
human family of CD1 proteins is often considered to be complete and representing all CD1
proteins that exist. However, mammals other than primates lack some isotypes and/or
express multiple variants of certain isotypes (12-14). In particular, cattle possess three
functional CD1B genes, called CD1B1, CD1B3 and CD1BS5 that differ in sequence mainly in
their a1 and a2 domains and in their cytoplasmic tail (13). In humans, the single CD1b
protein has been found to present mammalian gangliosides (15), and mycobacterial antigens
such as sulfoglycolipids (16), phosphatidylinositol mannosides, and glucose monomycolate
(GMM)(17). The crystal structure of the human CD1b antigen-binding groove identified the
presence of four interlinked hydrophobic channels (A’, C’, F” and T’) providing the
potential to accommodate up to 60 carbon atoms (18). However, an open F’ pocket and the
presence of a unique C’ portal under the a2 helix which connects the inner binding groove to
the outer solvent allowed for the binding of longer chains such as mycobacterial
monomycolates (up to C90) that would normally exceed the size of the binding groove
(18,19). The crystallographic findings are well supported by in vitro-derived data using the
GMM-reactive, CD1b-restricted human T cell line LDN5. GMM with short (C30-36
excluding the hexose ring), intermediate (C50-58), and long (C74-82) mycolic acid
backbones are all presented by CD1b to LDNS5 cells (20,21).

In an attempt to better understand the functional differences between the bovine CD1b
proteins including their antigen-binding specificity we determined the crystal structure of the
first sequenced bovine CD1b gene product, CD1b3 (boCD1b3), and analyzed its binding
capacity towards glycolipids, especially mycobacterial mycolates, in vitro.

Materials and Methods

Molecular cloning of bovine CD1b transcripts

Full length CD1b3 mRNA had been cloned previously (22). A full length CD1b1 mRNA
was present in the EST database (EH164202), available at www.ncbi.nIm.nih.gov. No full
length CD1b5 transcript was present in the databases. Based on the genomic sequence of
CD1b5, primers for CD1b5 were designed: CD1b5FullLengthFor: 5°-
AGTTCTACTTCCCATTGAAATGCTGCTTCTG-3’; CD1b5FullLengthRev: 5’-
GTAATTGCTCTAAATGGGAAAGAAGACACG-3’. PCR was performed on bovine
thymic cDNA with PFU Turbo polymerase (Stratagene, Agilent Technologies) according to
manufacturers suggestions under the following cycling conditions: an initial denaturation of
7 min. at 95°C, followed by 35 cycles of 30 sec. at 95°C, 45 sec. at 58°C, 1 min. at 72°C,
followed by a final elongation step of 7 min. at 72°C. PCR products were excised from an
agarose gel, purified, and ligated in a Topo4blunt vector for sequencing. The CD1b5 mRNA
sequence was deposited into the GenBank database (accession number GU325785).
Sequence alignments figures were prepared with the software Espript (23) using similarity
scores assigned with the Risler matrix (24).

Protein expression and purification

The recombinant soluble bovine CD1b3-B2m heterodimeric molecule was produced using
the baculovirus expression system as previously described for mouse CD1d (25). Briefly,
the protein expressed in insect cells was purified by Nickel affinity chromatography
(HisTrap FF, GE Healthcare) and eluted with a linear gradient of 20-250 mM imidazole,
followed by anion-exchange chromatography on a MonoQ 5/50 column (GE Healthcare)
equilibrated with 10 mM Tris-HCI pH 8.0 and elution using a linear gradient of 0-350 mM
NaCl. The fractions containing the boCD1b3-B2m heterodimer were pooled together and
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further purified by gel filtration on a Superdex200 10/300 column (GE Healthcare)
equilibrated in 50 mM HEPES pH 7.5, 150 mM NacCl. The fractions containing the complex
were then concentrated to 10 mg/ml in 10 mM HEPES pH 7.5, 30 mM NacCl for subsequent
crystallization and analysis.

Mass spectrometry analysis of boCD1b3

The intact non-covalent complex of boCD1b3 with the lipids was analyzed with native nano
ESI mass spectrometry using borosilicate capillaries to introduce the sample. Before
measurement the sample was buffer exchanged to 50 mM ammonium acetate pH 6.8 with
5kD centrifuge filters (Millipore). The MS and fragment ion MS/MS spectra were recorded
with a high mass modified QToF instrument (26), the parent ion and neutral loss MS/MS
analysis were performed with Quattro Ultima triple quadrupole instrument both from Waters
Manchester, UK. The desolvation energies were arranged by setting the voltage on the
entrance of the mass spectrometer 'sample cone voltage' to 125V (referred to as high
desolvation energy in the text) or 50V (low desolvation energy).

Protein crystallization

Initial crystallization trials were performed by a nanoliter dispensing liquid handling robot
(Phoenix, Art Robbins) using commercially available crystallization screens (PEG/lon | &
I, Wizard | & 111, Hampton Research and Emerald Biosciences). Promising conditions were
optimized manually and diffracting crystals were grown in 100 mM sodium cacodylate pH
6.5, 2 M ammonium sulfate by sitting drop vapor diffusion at 4°C, mixing 1 pl of protein at
10 mg/ml with 1 pl of precipitant.

Structure determination and refinement

Crystals were flash-cooled at 100K in crystallization solution containing 20% glycerol. Data
collection was performed at beamline 7.1 at the Stanford Synchrotron Radiation Laboratory
(SSRL, Stanford, CA) and processed to a resolution of 2.3 A with the HKL2000 software
(27). The protein crystallized in space group P2,22 with cell parameters a = 137.53 A, b =
139.97 A, ¢ =111.95 A, 0. = p =y = 90° and with four CD1-lipid complex in the asymmetric
unit (estimated solvent content of 56.2%).

Molecular replacement was performed using Molrep (28,29), and the crystal structure of the
human CD1b (PDB ID 2H26) (30) with the ligand removed as a search model. The initial
phases derived from this model were refined using maximum-likelihood restrained
refinement coupled with TLS refinement in Refmac (29,31). Three TLS groups per CD1b-
2m complex were defined, containing the al, a2 domains and the glycolipid ligand (group
1), the a3 domain (group 2) and the f2m chain (group 3), respectively. A set of 5% of the
reflections were set aside for the calculation of R¢ee to monitor refinement progress. Tight
NCS constraints between the four molecules present in the asymmetric unit were imposed
and progressively released towards the final stages of refinement. 2F,-F; and F,-F¢ maps
were used in the program Coot (32) for modeling and manual building. The quality of the
final model was assessed with Molprobity (33) and the validation tools available in Coot.
Data collection and refinement statistics are presented in Table I. The architecture and size
of the binding groove pockets were analyzed using Hollow (34) and CastP (35). Residues
pKs were determined with the multiconformation continuum electrostatics approach
implemented in the software MCCE 2.0 (36), as previously described for the human CD1b
structure (37). Shake-omit maps were generated by removing the ligands from the structure
and randomly perturbating the coordinates, occupancy and B-factor of each atom by 0.2 A,
0.05 units and 20 AZ respectively with the software Moleman2 (38). The resulting structure
was then refined with the software Refmac as described earlier. Molecular representations
were generated with the programs Pymol (39) and APBS (40).
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In vitro loading of lipid antigens

Brain porcine sulfatide extract (Avanti Polar Lipids Inc) were used together with a purified
extract of Rhodococccus ruber mycolic acids (C36—C48), a synthetic version of a short
mycolic acid (C32), purified trisialoganglioside G1p, from bovine brain (minimum purity
96%, Sigma Aldrich) and purified extract of mycolic acids from Mycobacterium
tuberculosis (average size C80, minimum purity 98%, Sigma-Aldrich) to assess in vitro
loading of antigens by boCD1b3. The R. ruber mycolic acids were generated by KOH
hydrolysis of purified GMMs, followed by extraction into diethyl ether. Analysis by thin
layer chromatography showed mycolic acids as the only lipids present in the sample (data
not shown). Aliquots of 10 ug of purified boCD1b3 at a concentration of 20 uM were
loaded overnight at room temperature in the presence of 6 times molar excess of each ligand
(in DMSO, final concentration 3-5%, or in the presence of a final concentration of 0.05%
Tween 20). Loading was performed in the presence of 100 mM TrisHCI pH 7 or with
protein previously buffer-exchanged against 50 mM Na acetate pH 4.7, 100 mM NaCl. The
binding of charged lipids was assessed by isoelectric focusing on a PhastGel IEF 3-9 using a
PhastSystem (GE Healthcare) followed by staining with Coomassie dye.

Modeling of R. ruber GMM in the boCD1b3 binding groove

A C46 (C16 o chain and a C30 meromycolate chain) glucose monomycolate model
representative of the Rhodococccus ruber mycolates was generated and manually modeled
in the binding groove of boCD1b3 by following the electron density of the endogenously
bound ligand, using the program Coot (32). The chain lengths were consistent with the
reported sizes of alpha and meromycolate chains in mycolic acids of the genus Rhodococcus
(o chain C12-18, C34-48 in total)(41). The lipid was modeled in two different orientations,
corresponding to the two conformations observed for the ligands in the non-crystallographic
boCD1b3 dimer. The alkyl chains were real-space refined against the electron density
present in the groove while the polar glucose residue was placed in a similar orientation to
the one observed for this portion of the GMM molecule in the huCD1b/GMM structure (19).

LDN5 T cell assay

Results

C1R cells were electroporated with bovine CD1b3 full-length cDNA, cloned into
pcDNAZ3.1. After growing for 6 weeks on medium containing 0.2 mg/ml G418 (Sigma-
Aldrich), cells that stained positively with the BCD1b.3 antibody were FACS sorted. LDN5
T cells and human CD1b transfected C1R cells were previously reported (21). Before the
assay, C1R cells were grown for a week in medium without G418. Expression of CD1b was
confirmed by flowcytometry on the same day as the T cell assay. 7.5 *10% T cells were
cultured with 5.0 *10* C1R cells for 24 hours, in the presence or absence of serial dilutions
of GMM isolated from M. phei, N. farcinica, and R, equi, representing GMM with long,
intermediate, and short chain mycolic acids (21). 50 pl of supernatant was tested for the
presence of IFN-y by a sandwich ELISA.

BoCD1b3-bof2m structure

The boCD1b3-bop2m crystal structure was determined to a resolution of 2.3 A in space
group P2,242 with four CD1-B2m heterodimers in the asymmetric unit, which arrange in
two CD1-B2m pairs. Superposition of the eight individual molecules present in the
asymmetric unit shows RMSD values ranging from 0.27 to 0.41 A (Co atoms) for the CD1b
heavy chains and RMSD values ranging from 0.20 to 0.25 A (Ca atoms) for the 2m chains.
Given the high similarity observed between the chains in the asymmetric unit, and for the
purpose of clarity, only one pair of structurally distinct boCD1b3-bop2m heterodimers
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(composed of chains A, B and C, D) will be described through the text, unless otherwise
specified.

The crystal structure of boCD1b3 reveals the expected domain architecture observed for
other CD1 molecules, with the heavy chain non-covalently associated with the shorter f2m
chain (Figure 1) (4,42). The heavy chain is composed of three domains (al, a2 and a3) with
al and a2 constituting the antigen-binding superdomain. The boCD1b3 a1-02 superdomain
shares 72% sequence identity (ClustalW) (43) with human CD1b, for which four crystal
structures in complex with different ligands have been previously determined (PDB ID
1GZQ in complex with phosphatidylinositol, 1GZP with the ganglioside GM2, 1UQS with
GMM and 2H26 with PC and a long hydrophobic spacer) (18,19,30). Superposition of the
al-02 superdomains (residues 8-180) of boCD1b3 and huCD1b yielded RMSD values of
0.76 A (PDB ID 1GZQ), 0.73 A (1GZP), 0.82 A (1UQS) and 0.77 A (2H26) showing a
highly conserved topology in this region of the molecule.

Electron density for N-linked oligosaccharides is observed at residues Asn20, 57 and 128 of
the heavy chain. The most well-ordered oligosaccharide is attached to Asn57 and
interestingly shows the presence of an uncommon al1-3 fucose residue on the proximal
GIcNAc, in addition to the more common a1-6 linked core fucose (Figure 1). Although
uncommon, similarly linked carbohydrates have previously been described as the result of
a1-3 fucosyltransferase activity in Drosophila melanogaster and other insect cells (44,45).

Binding pocket shape

BoCD1b3 has been predicted by sequence homology to possess a binding pocket similar to
the one observed in human CD1b (22). Comparison of the binding grooves between bovine
CD1b3 and human CD1b reveals an almost identical pocket volume (2396 A3 vs 2402 A3,
as calculated with CASTp) (35) and a similar topology (Figure 2A and 2B). In boCD1b3,
the A’, C” and F’ pockets appear to be retained, although with minor differences, while the
T’ tunnel is interrupted by Val98 (glycine in huCD1b). This results in the separation of the
two main pockets. The A’ pocket is buried under the N-terminal half of the a1 helix and
laterally closed by the C-terminal portion of the a2 helix, in a position similar to huCD1b.
The A’ pocket shows the typical “doughnut” shape built around the central pole defined by
Leul2 and Phe70. The F’ pocket is located at the opposite side of the binding groove, and
pinned in between the conserved residues Phe77 and Phel144. However, in boCD1b3 the F’
pocket appear to be closed at its top, mainly due to the presence of an arginine residue at
position 84 of the a1-helix (a phenylalanine in huCD1b). This residue is involved in several
polar and ionic interactions with Glu80 and Tyr151, creating a F’ roof that “caps” the
opening of the pocket (Figures 2B and S1). As a result, the F’ roof prevents the alkyl chains
to egress from the pocket towards the CD1-TCR interface, contrarily to what has been
suggested for huCD1b (18). However, it is possible that the protonation of Glu80 at the
acidic pH values observed in late endosomes and lysosomes (reported to be in the range of
4.5-5.5 for dendritic cells) (46) could result in the disruption of the network with Arg84 and
Tyrl51 and increased loading of long chain lipids with a mechanism similar to the one
described for huCD1b (37). In human CD1b, two residues located at one end of the al helix,
Asp60 and Glu62, are found to tether the rigid a1 helix with a flexible area of the a2 helix
and the loop containing residues 50-60. The protonation of these two residues at the acidic
pH values observed in late endosomes was shown to result in the disruption of these
tethering interactions and in increased loading of long chain lipids. The two residues Asp60
and Glu62 are conserved in boCD1b3, together with their respective ionic partners Lys55
and Arg168. As the pK of charged residues can be heavily influenced by the local
environment, the multiconformation continuum electrostatics approach was used to estimate
the pK of Glu80, as previously described for the human CD1b structure (36,37). The
obtained pK value of 4.15 suggests that, within the range of pH observed in the lysosomes, a

J Immunol. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Girardi et al.

Page 7

substantial proportion of the Glu80 sidechains are protonated, consistent with the hypothesis
of a pH-dependent mechanism for the opening of the F’ roof. Moreover, boCD1b3 could
also be able to bind antigens with long acyl chains owing to the presence of an open C’
portal extending under the a2 helix (Figure 2A). This portal, previously described in the
structures of huCD1b in complex with PI, GM2 (18) and GMM (19) (but closed in the
structure containing endogenous ligands) (30), is also present in boCD1b3, being defined by
the residues 112-113, 126-131 and 145-163 of the heavy chain, together with a conserved
disulfide bond (131-145) unique to CD1b molecules. Interestingly, the C” portal in
boCD1b3 appears to adopt a novel conformation, due to the differences in several residues
in this area. The conformation of the boCD1b3 residue His129 (Ala129 in huCD1b) results
in the blocking of the main exit of the C’ portal. However, the bulky side chains Met155 and
Tyr163 of huCD1b are much smaller (Ser155 and Ser163) in boCD1b3 and open two
alternative escape routes through the C’ portal on the side of the loop containing residues
126-131 (Figure S2). Both openings appear large enough to allow for the passage of alkyl
chains from the C’ tunnel to the exterior of the protein.

Mass spectrometry analysis of boCD1b3 and its endogenous ligands

Since the protein was expressed in insect cells, an endogenous ligand was expected to be
present in the hydrophobic groove of the molecule, as observed for other CD1 molecules
expressed in the same system (30,47). To determine the nature of the ligands bound to the
boCD1b3 molecules, the purified protein was analyzed by native ESI-MS (48). Introducing
the protein complex at high desolvation energy the recorded spectrum showed a charge
envelope of sharp and intense peaks for the empty boCD1b3 and a set of broad and low
intense peaks for the boCD1b3 ligand complex. For both series of peaks the 14+ is the most
intense, being m/z 3313.6 for the empty boCD1b3 and m/z 3368.6 for the boCD1b3 ligand
complex (data not shown). From this mass difference it was calculated that the average mass
of the ligand is approximately 770 Da. The charge envelope of the empty boCD1b3 is
showing that the glycosylation is uniform with a total molecular weight of approximately
46376 dalton which means that the three glycosylation sites provide an additional mass of
around 3140 Da. Decreasing the desolvation energy is giving a mass spectrum with very
broad peaks for the intact boCD1b3-ligand complex showing that this is the prevalent
species in solution. Deconvolution of the charge envelopes in the spectra recorded at high
and low desolvation energies are presented in Figure 3A (black line from high energy and
grey line for low energy). The mass spectrum of boCD1b3-ligand complex recorded in the
negative ion mode is only showing PE ions as PC cannot form negative ions. Subjecting the
selected 14+ of the total complex to collision induced dissociation the recorded fragment ion
MS/MS spectrum is showing a neutral loss and charged loss of ca. 770 Da, some peaks
corresponding with 2m and further signals for the heavy chain+ligand and the empty heavy
chain (Figure 3B). The inset of this figure is showing the low mass range with the ligand
signals. To identify the exact nature of the ligands, two MS/MS scan methods were used to
probe the headgroup fragmentation of the ligands. First a parent ion scan of m/z 184
(cholinephosphate) revealing the molecular ions of the phosphatidylcholine species, and
second a neutral loss scan of 141 Da (ethanolaminephosphate) giving the molecular ions of
the phosphatidylethanolamine species (Figure 3C). In this way two endogenous diacyl
glycerolipids could be unambiguously identified by ESI-MS/MS namely
phosphatidylcholine (PC) and phosphatidylethanolamine (PE) with 36 carbons in total
(C18:1 and C18:0) as the major species (approximately 35% of the total fatty acids).

Modality of binding of PC and PE in the boCD1b3 binding groove

Clear electron density present in the binding groove confirmed the presence of the
endogenous ligands. The electron density is well defined in the A’ pocket and illustrates that
the endogenous ligand chain is fully encircling the central A’ pole in an anti-clockwise

J Immunol. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Girardi et al.

Page 8

orientation. Electron density in the F* pocket appeared to be less defined and to differ
between the two molecules composing the crystallographic dimer. The main species of PC
and PE as identified by ESI-MS (C36 with C18:1 at position sn-2 and C18:0 at position
sn-1) were built into the binding groove during the final stages of refinement (Figure 4). In
each of the two non-crystallographic dimers present in the asymmetric unit, one molecule
was modeled with bound PC and one molecule with PE, to distinguish the slightly different
electron densities observed in correspondence of the F’ pocket and the polar head of the
ligand. It must be noted that, due to the similarity of the chemical composition of PC and PE
(Figure 5A), this differences may not reflect two different chemical species but different
conformations of the same compound. The PC/PE molecules were best modeled with the
sn-2 chain bound to the A’ pocket and the sn-1 chain in the F” pocket while the polar head is
exposed outside the binding groove for potential recognition by a T cell receptor molecule.
The density in the A’ pocket appears to be partially filled by the 18:1 acyl chain of PC/PE.
The unsaturation between carbons 9 and 10 on the sn-2-linked acyl chain sits nicely at the
junction between the inner cavity of the pocket and the channel connecting it to the surface
as observed for other diacylglycerol ligands (49). Refinement of the longer but less common
species of PC/PE with a C24:1 chain at the sn-2 position accounts for most, but not all, of
the remaining electron density in the A’ pocket. This suggests that in the majority of CD1b-
PC/PE complexes, when the C18:1 PC/PE is bound, a short chain lipid (possibly C8) could
potentially act as a spacer. Spacer lipids with identical size have recently been described for
the F” pocket of mouse CD1d (50). The density in the F’ pocket appears less defined,
possibly an indication of high flexibility in this region. However, lowering the sigma levels
of the 2F,-F. electron density map to 0.6-0.8 (data not shown) suggests that the ligands
could adopt alternative conformations, as illustrated by the two orientations of the modeled
endogenous ligands. In case of the lipid binding mode observed for PC (Figure 4A and S3)
the alkyl chain tail end is tucked underneath the ligand in the F* pocket while for PE the
alkyl chain fully encircles the F’ pocket in a counter-clockwise manner (Figure 4C and S3)
and points towards the C’ portal.

The polar moieties of both PC and PE project outside the binding groove towards the al
helix (Figure 4). PC and PE adopt different conformations of this portion of the molecule
above residue Ala72, which acts as a “pole” around which the extended choline and
ethanolamine groups can wrap themselves (Figure 4E and 4F). Interestingly, the crystal
packing of the boCD1b3 crystals is such that each boCD1b3-PC complex is packed with the
top of the antigen-binding groove against the antigen-binding groove of another, boCD1b3-
PE complex. In particular the PC molecule contacts several residues from the ol helix of the
boCD1b3-PE complex (Glu65, Asp68, Leu69 and the PE molecule, cutoff 3.5 A), while
each PE molecule contacts residues from the a1 and a2 helices (Glu65, Leu69, 1le157,
Arg160) of the boCD1h3-PC complex together with the corresponding PC ligand (Figure
S4). This results in several interactions between the al and o2 helices of the two molecules
and between the two ligands, which could affect their overall conformation.

Superposition of the two boCD1b3 molecules onto the human CD1b structure in complex
with the endogenous ligand PC and a C41 hydrophobic spacer (PDB ID 2H26) (30) was
used to compare the position and orientation of the ligand moieties in the binding groove
(Figure 4G and H). In the huCD1b-PC-UL (UL, Unidentified Ligand) structure, the PC
molecule binds, in a similar orientation to what has been observed for PC and PE in
boCD1b3, with the sn-2 chain in the A’ pocket, while the sn-1 chain is bound in the C’
pocket. However, in huCD1b the polar phosphocholine headgroup is more closely located
towards the a2 helix, while in case of boCD1b3 the polar headgroup is either situated close
to the entrance of the groove above the A’ pocket (PC) or in the center of the groove,
extending over the al-helix (PE) between Ala72 and Arg79 (Figure 4 B, D, E, F). Therefore,
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boCD1b3 exhibits greater flexibility in binding polar headgroups of lipid antigens than the
human CD1b ortholog.

In vitro loading of lipid antigens

GMM model

The binding groove architecture and the ability of boCD1b3 to bind dual alkyl chain ligands
such as PC and PE encouraged us to test in vitro the ability of boCD1b3 to bind different
charged lipid antigens. Lipid loading can be directly visualized by native isoelectric focusing
gel electrophoresis (IEF). Several charged ligands (Figure 5A) were incubated with
boCD1b3 and successful loading was visualized by IEF (Figure 5B). Loading of a charged
lipid can be monitored by observing a shift in the protein band on the gel, due to the change
in isoelectric point caused by the additional lipid charge. Insect cell-expressed boCD1b3
migrates on the gel as two main species (Figure 5B, DMSO pH 4.7), possibly as a result of
heterogeneity of the boCD1b3 protein, which also has been observed for mouse CD1d (51).
A sphingolipid with a single charge such as sulfatide (3-sulfated B-D-galactosylceramide)
can partially replace the endogenous ligands present in the binding groove, as demonstrated
by the band shift observed in Figure 5B, lane 2 and 4 (labeled as SLF. pH 4.7). Almost
complete loading was observed with the ganglioside Gt1, which carries three negative
charges (labeled as Gt1 pH 4.7). The incubation with this lipid resulted in a shift of the two
bands of boCD1b3 towards the anode, further suggesting that heterogeneity of the protein,
rather than the binding of lipids with different charge values lead to the observed double
band. No detectable band shift is observed after incubation of the protein with a synthetic
C32 mycolic acid (Figure 5B, lane 5 and 7), or with long (average size C80, purified extract
from Mycobacterium tuberculosis) chain mycolic acid (data not shown). However,
incubation of boCD1b3 with mycolic acid from Rhodococcus ruber (C36-48) clearly shows
some degree of loading, as demonstrated by the appearance of a band at the same height of
the main band observed for sulfatide-loaded boCD1b3 (compare Figure 5B, lane 4 with 6).
Binding of this lipid is observed at acidic conditions (pH 4.7, lane 6) but not close to
neutrality (pH 7.5, lane 8), consistent with the hypothesis proposed for the pH dependent
antigen-capture of huCD1b (37) and suggesting a late-endosomal localization for this
isoform of bovine CD1b. The inability of C32 and long mycolic acids to bind under these
experimental conditions could relate to several factors such as an inability to displace the
endogenous ligand already present in the binding groove by a shorter ligand (C32 mycolic
acid) or the low solubility of the ligands, in particular the long form, in aqueous buffers. In
vitro loading of CD1 with lipids of low solubility appears to be generally very insufficient
(data not shown) and is not an indication of the inability of a particular lipid to bind to
boCD1b3 in vivo.

The ability of boCD1b3 to bind mycolic acids derived from Rhodococcus ruber prompted us
to model the conformation that such ligands would assume in the binding pocket of
boCD1b3 (Figure 5C). Two different modalities of binding of a C46 (C16 a chain, C30
meromycolate chain, Figure 5A) mycolic acid representative of the species present in R.
ruber were modeled. In both conformations the glucose moiety is exposed on the surface of
the binding groove, as observed in the huCD1b-GMM crystal structure (19). The two
conformations differ in the relative position of the two alkyl chains in the main pockets of
the binding groove. In one conformation, based on the modeled PC molecule, the C30
meromycolate chain fully occupies the A’ pocket while the shorter C16 alpha chain is
inserted in the F” pocket (Figure 5C, left side). Alternatively (Figure 5C, right side), the
ligand was modeled with the C16 o chain partially occupying the A’ cavity and the longer
C30 meromycolate chain in the F’ pocket. In the latter conformation the orientation of this
longer chain follows the density observed for the PE molecule in the same region and
suggests a potential modality of binding for longer chains that could exit the binding groove
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through the C” portal. However, in the first model the size of the mycolate that can bind
would be limited to C46-C48, as longer meromycolate chains (>C30) can not be bound in
the A’ pocket.

Lack of cross species presentation of GMM by CD1b

One of the remarkable features of the CD1d/a-galactosylceramide complex is its cross-
species reactivity between humans and mice. Human NKT cells recognize the murine
complex and vice versa. While no GMM-reactive bovine T cell line has been so far
described, we tested whether bovine CD1b3 can present antigen to LDN5 T cells, which
recognizes GMM of any chain length presented by human CD1b. The human
lymphoblastoid cell line C1R transfected with bovine CD1b3 is not able to stimulate LDN5
cells, whereas C1R cells transfected with human CD1b do (Figure 6A). The expression of
bovine and human CD1b on the surface of C1R cells was confirmed by staining with the
antibody BCD1b.3 (Figure 6B). Consistent with these findings, previous studies revealed
that mutation of only two residues on huCD1b (Glu80 and Thr157 to alanine among a panel
of residues in the al-a2 superdomain) resulted in a >1-log reduction in presentation of
GMM to the LDNS5 cell line, compared to wild-type huCD1b (52). This data suggests that
these two residues mediate important contacts with the LDN5 TCR. Because in boCD1b3
Glu80 is in a different position (shifted by 2A) and Thr157 is replaced by hydrophobic and
bulky 11e157 (Figure S5), those TCR contacts may not be formed and are likely, at least in
part, to be responsible for the lack of cross-species presentation between human and bovine
CD1b molecules.

Comparison of boCD1b3 with boCD1b1 and boCD1b5

Cattle have been found to possess three potentially expressed CD1b proteins, boCD1b1,
boCD1b3, boCD1b5 (22). Full length transcripts of CD1B3 and CD1B1 genes has been
reported previously, and in this study we confirmed the expression of a full length transcript
of the CD1B5 gene using a PCR-based approach (GenBank accession humber GU325785).
The three genes are highly conserved (sequence identity in the al-a2 superdomain region
for boCD1b3-boCD1b1 89%, boCD1b3-boCD1b5 76%, boCD1b1-boCD1b5 69%, Figure
7) and it can be expected that the general architecture of the binding groove with two main
pockets, A’ and F’, and a C’ portal is maintained among these three proteins. However,
based on the structural data presented here and the other available human and murine CD1
structures (18,19,47), some minor but potentially interesting differences can be predicted.
Due to different residues at positions 80 and 84 (glycine/arginine in boCD1b1, glutamate/
isoleucine in boCD1b5) the top of the F’ pocket could resemble huCD1b in the boCD1b5
structure and have an altogether different conformation in boCD1b1. On the other hand the
C’ portal, due to the presence of bulky residues (histidine and arginine) at position 129 and
relatively small side chains at positions 155 and 163 should show a similar conformation to
the one observed in the boCD1b3 structure (Figure S1). Interestingly, due to the presence of
a leucine at position 98, boCD1b1 is not expected to have a T” tunnel, while boCD1b5 (with
a glycine in the same position) should maintain this structural feature unique to huCD1b.
However, we identified a potential polymorphism Ala/Thr at position 100 (evident by
comparing the PCR product obtained as described in the Experimental Procedures with the
genomic sequence publicly available at http://www.ensembl.org/Bos_taurus) that, together
with the substitution of a glycine residue with an alanine at position 116, could affect and
partially block the T” tunnel in boCD1b5. The presence of a threonine in position 100 in the
PCR product as described here is corroborated by other, partial bovine CD1b5 sequences
available in EST databases (e.g. EH160235).
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Discussion

Three different isoforms of the CD1b molecule are expressed in Bos taurus, raising
interesting questions about their structural and functional similarity to the human ortholog
and the reason for their coexistence in the bovine genome. Despite the high sequence
identity between the bovine and human proteins and a conserved overall structure, the
binding groove architecture of the boCD1b3 structure described here indicates several
differences compared to huCD1h. While the A’ pocket appears to have a highly preserved
shape among CD1 molecules, differences with potential functional and immunological
implications are observed for all the other pockets (C’, F’, T*) composing the binding
groove.

Due to the presence of an arginine at position 84 (a phenylalanine in the human protein) the
F’ pocket of boCD1b3 is closed at the top, limiting the accessibility into the groove and,
likely, the in vitro lipid loading efficiency in general. Interestingly, it was observed for the
human CD1b molecule that the phenylalanine residue in position 84 could, through a change
in the conformation of its side chain, modify the hydrophobic binding capacity of the
binding groove by packing against residues lining the bottom of the F’ pocket (Phe88,
Met90, Phe144) (18). This mechanism appears unlikely to occur for boCD1b3, due to the
stronger nature of the interactions mediated by the sidechains of GIu80, Arg84 and Tyr151.
However, based on the conservation of charged residues (e.g. Asp60, Glu62, Glu80)
potentially involved in a pH-dependent tethering and consistent with the enhanced loading
of ligands at acidic pH observed in vitro, we predict that the boCD1b3 al1-a2 superdomain
adopts an open conformation under low pH conditions to enable the binding of large
antigenic lipids to the groove. Although data regarding the intra-cellular localization of
boCD1b3 are at the moment not available, the cytoplasmic tail of boCD1b3 possesses high
sequence homology to the same region of huCD1b (22), including an Y XXZ motif (where Y
is a tyrosine, X a spacer residue and Z a bulky hydrophobic residue, recognized by adaptor
proteins 1-3 (3), strongly suggesting that this isoform can localize in late endosomes and
lysosomes as the human form. A novel conformation of the C’ portal unique to CD1b
molecules was also observed in boCD1b3, with two potential exit routes toward the protein
surface. Consistent with this, we also observed weak and unconnected electron density (0.6—
0.80, not shown) in this portion of the binding groove that would suggest the presence of
low-occupancy ligands in at least some of the crystallized molecules. Perhaps most
interestingly, the absence of the T’ tunnel in boCD1b3 limits its ability to bind ligands with
long acyl chains with the same modality observed for huCD1b. Despite this, it is possible
that medium and long ligands, such as C46 and C76-C80 GMM, bind to bovine CD1b3 in
an alternative orientation. The conformations of the modeled endogenous ligands PC and
PE, which represent the main species present in the binding groove, as determined by ESI-
MS, suggest two potential modalities of binding in which the different alkyl chain
orientations in the F’ pocket determine the overall length of the bound lipid chain. In
particular, as demonstrated by the ligand conformation within the PE bound molecule
(Figure 4C, D), long chains could presumably bind in the pocket in a counter-clockwise
orientation and possibly egress to the protein surface through the C” portal. We observed
binding of sphingolipids and intermediate-length (C36-C48) mycolic acids derived from the
actinomycete R. ruber to boCD1b3, as detected by IEF (Figure 5B) and modeling of a C46
GMM lipid into boCD1b3 illustrates the potential of boCD1b3 to accommodate lipids of this
size in two different orientations (Figure 5C), analogous to the two orientations observed for
PC and PE. Sufficiently long chains may be required to exchange with the endogenous
ligands already present in the groove, as a shorter (C32) mycolic acid failed to yield
detectable loading in our in vitro assay. On the other hand, the failure of binding of an
extract of long (average length C80) mycolic acids to boCD1b3 might be due to the
extremely poor solubility of these compounds. This also raises the question of the
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importance of lipid transfer proteins, such as saposins (53), in lipid loading onto boCD1b3.
Human CD1e has been shown to be involved in the processing and loading of mycobacterial
antigens onto human CD1b in the lysosome (6) and we assume that lipid transfer proteins
also exist to facilitate lipid binding to boCD1b molecules in general. While attempts at
determining the ability of boCD1b3 to present GMM antigens to the human LDNS5 cell line
demonstrated a lack of cross-reactivity, most likely the result of mutations in key residues at
the CD1b-TCR interface, it has been shown that cattle develop strong T cell-based responses
to immunization with long (main species C76) GMM molecules (54). Also, animals
naturally infected with M. avium paratuberculosis, which contains long chain GMMs, show
CD1b-dependent responses against intermediate and long chain GMMs (55). However, it is
not clear at this moment if the ability of cattle to respond in a CD1b-dependent manner to
GMM is dependent specifically on boCD1b3 or on one of the other two bovine CD1b
molecules.

The presence of multiple functional genes for one CD1 isoform is not unique to cattle.
Guinea pigs express 4 CD1b and 3 CD1c proteins and dogs express 4 CD1a proteins. In
general, the functional capacities of a CD1 molecule in vivo depend on the expression
pattern of the molecule, its intracellular trafficking pattern, and the characteristics of its
antigen-binding groove. A possible explanation for the presence of multiple CD1b proteins
in cattle is that only one of these molecules is a true functional homolog of human CD1b and
that the others make up for the lack of bovine CD1c and CD1d protein. However, as we
have shown here, the antigen-binding groove of CD1b1 and CD1b5 is closer, although with
some remarkable differences, to the human CD1b molecule than to CD1c and CD1d in
terms of size and shape. Alternatively, combinations of antigen binding groove and sub-
cellular location that are not found in humans are present in cattle and truly perform
additional, novel functions in this species. Mutations in the cytoplasmic tail that modify the
intra-cellular localization of the CD1 molecule are thought to occur first and induce
variation in the binding groove due to the exposure to different ligands in different
compartments of the lysosomal pathway (56). Interestingly, the cytoplasmic portion of
boCD1b1 does not show homology to the tails of other known CD1 molecules and does not
contain any known trafficking motif although the absence of a YXXZ and a dileucine motif
suggests a non lysosomal location (22). It is tempting to speculate that in cattle CD1b gene
duplicated and diverged to generate, together with a “canonical” CD1b structure (most likely
CD1b5), functionally distinct molecules.

In conclusion, boCD1b3 resemble human CD1b in its overall structure and in the fact that it
can bind intermediate size lipids and mycolic acids. The presence or absence of a T’ tunnel
is not a crucial factor for the binding of these lipids. Our data support the notion that the
human family of CD1 proteins, with one functional gene of each isoform, is not
representative of the situation in other species. In particular, the bovine CD1b molecules
illustrate that variations of the shape of the binding groove as well as variations in tail motifs
exist within one species. In addition, the existence of two allelic forms of boCD1b5 with a
marked difference in shape of binding groove, suggests that the CD1 family of proteins is
more dynamic than previously appreciated.
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Figure 1.

Overview of the boCD1b3-PC/PE structure. CD1 heavy chain is in grey with the a1, a2 and
a3 domains indicated and 2m is in blue. The bound PC molecule (A) is shown in yellow
and PE in orange (B), while N-linked oligosaccharides at positions Asn20 and Asn57 are
shown in green. The disordered loop comprising residues 106-109 of the heavy chain is
shown as a dashed line.
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Figure 2.

Acrchitecture of the binding groove of boCD1b3 and comparison with huCD1b. A, The
antigen-binding domain of boCD1b3, side and top view, is shown with the a1 and a2 helices
indicated in red and blue respectively. The surface of the transparent antigen-binding groove
is rendered in grey with the main pockets A’, F” and the C’ portal labeled. B, Side and top
view of the superposed huCD1b (PDB ID 1UQS, cyan) and boCD1b3 (grey) binding pocket.
The boCD1b3 residues, which limit the pocket shape compared to huCD1b are shown in
sticks representation. Side views are shown in the top row and top views are below.
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Figure 3.

Mass analysis of the lipid ligands in boCD1b3. A, Deconvoluted mass spectra at high
(black) and low (grey) desolvation energy. B, Tandem MS spectrum of the selected 14+
precursor ions of the intact non-covalent complex of boCD1b3 and the lipid ligands (CD1b
+Ligand). The low mass range inset of this tandem MS spectrum is showing m/z 184,
phosphatidylcholine (PC) marker ion and m/z 788 as his most intense parent ion and further
m/z 746 and his 141 Da neutral loss at m/z 605 from phosphatidylethanolamine (PE). C, The
panel presents, respectively, the parent ion scan of m/z 184 giving the PC species, the
neutral loss scan of 141 Da giving the PE species and for the same mass range the fragment
ion spectrum of the complex of boCD1b3 and the lipids.
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Figure 4.

Endogenous ligands PC (A, B, E) and PE (C, D, F) bound to boCD1b3. A side view is
presented with the a2 helix removed for clarity (A, C, G) together with the corresponding
top view (B, D, E, F, H). A, B, C, D, The 2F,-F electron density for the ligand, contoured
at 1o, is shown as a blue mesh. Some of the residues involved in the binding of the ligand
and in the formation of the hydrophobic pocket are also depicted. The alkyl chain at the sn-1
position is inserted in the F* pocket while alkyl chain at the sn-2 position, with the
unsaturation shown in green, partially fills the A’ pocket. Positive difference density (Fo-F¢
map contoured at 3c and shown as green mesh) is visible at the bottom of the A’ pocket and,
to a lesser extent, in the F’ pocket, possibly indicating lower occupancy species, such as
ligands with a C24:1 fatty acid present in the binding groove, or possibly a C8 spacer ligand.
E and F, Top view of the boCD1b3 binding pocket with the protein shown as a molecular
surface with electrostatic potential (electronegative in red and electropositive in blue from
—30 kT/e to 30 kT/e). The PC and PE ligands are shown in yellow and orange respectively.
G and H, Top and side views of the superposed boCD1b3 (in grey) and human CD1b (PDB
ID 2H26, in cyan) binding grooves in cartoon representation. The boCD1b3 ligands boPC
and boPE (yellow and orange, respectively) are compared to the huPC and long spacer
(huUL, human Unidentified Ligand, both in cyan) observed in the huCD1b structure.

J Immunol. Author manuscript; available in PMC 2011 July 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Girardi et al.

phosphatidylcholine (C36)

H3N/\/o { /\XJK/\/V\/WW
phosphatidylethanolamine (C36)

OH WWAM

C‘)‘
O=(‘/7=O
(o]
f
T
o
I
Z,

sulfatide (main species, C42)

Q

>/\/\/\/\/\/\/\/\/
Y
"SA— Gal— GalNAc—Gal — Glc /OW
'S‘A OH
\
~SA GT1b ganglioside (C36)

(0]

HO

R. ruber mycolic acids
(C36-48, C46 shown)

HO

synthetic mycolic acid (C32)

giirepannsa

R. ruber GMM (C46)

Figure 5.

Page 20

DMSO
pH47

SLF.
pH 4.7

GT1b
pH4.7

SLF.
pH47

MYCOLIC ACIDS

C32 |C36-48| C32 |C36-48

pH4.7 |pH4.7 pH 7.5

pH7.5

DMSO
pH 4.7

Ve

=

- B =

C

IEF analysis of boCD1b3 lipid binding and GMM models. A, Chemical structures of the
lipids used in this study. The two endogenous ligands PC and PE are shown together with
the lipids used in the in vitro binding assay, as well as the GMM species (C46) used for
modeling. B, IEF gel illustrating loading of boCD1b3 with different lipids. DMSO pH 4.7:

Loading control with DMSO. SLF pH 4.7: sulfatide, pH 4.7. Gy1p pH 4.7: ganglioside Gy,

pH 4.7. C32 pH 4.7: C32 synthetic mycolic acid, pH 4.7. C36—C48 pH 4.7: R. ruber extract,
pH 4.7. C32 pH 7.5: C32 synthetic mycolic acid, pH 7.5. C36—-C48 pH 7.5: R. ruber extract,
pH 7.5. C, Hypothetical model of a C46 GMM bound to the boCD1b3 binding groove
(rendered as a grey surface). On the left side, side and top view of the binding pocket with
the C30 meromycolate chain of the GMM molecule modeled in the A’ pocket. On the right
side, side and top view of the binding pocket with the C30 chain of the GMM molecule
modeled in the F’ pocket and extending toward the C’ portal.

J Immunol. Author manuscript; available in PMC 2011 July 1.




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Girardi et al.

A 0.75

Page 21

=8 huC1Rb / M. phiei GMM

= - A= boC1Rb3 / M. phlei GMM
o = boC1Rb3 / M. farcinica GMM
ol 026 ~O=boC1Rb3 / R. equi GMM
: ® huC1Rc no ag
e = = = Skt
0.00 e | T 1
0 1 10 100
Ag [ug/ml]
C1R.huCD1b C1R.boCD1b3
100 - IL’!l‘J-:
‘é 80+ E a0 4
z
.;-_ B0 ; 60+
£ £
? 404 E 40
é 20 4 :En 20+
o o
0 4 0
0 10° 10’ 10° 10° 0 10° 10° 10* 10°
BCD1b.3-Fitc BCD1b.3-Fite
Figure 6.

Recognition of bovine and human CD1b by LDNS5 cells. A, The presence of IFN-y was
measured in supernatants of co-cultures of LDN5 cells with human CD1b or bovine CD1b3-
transfected C1R cells, and GMM. B, The expression level of CD1b was determined by
flowcytometry, using the BCD1b.3 antibody (thick line), or an isotype control (thin line),
followed by goat anti mouse FITC.
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Figure 7.

Sequence alignments of the mature ectodomain of the three CD1b molecules present in Bos
taurus (boCD1b1, boCD1b3, boCD1b5) with the human CD1b sequence. Identical amino
acids are boxed in red. Red letters on white background indicate a similarity score among all
possible pairs of residues per columns above 0.7, calculated according to the Risler matrix.
The positions of the al and o2 helices are shown above the sequence while arrows indicate
the residues determining the presence and conformation of the T tunnel. The polymorphism
at position 100 of the boCD1b5 sequence is marked by a blue box.
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Table |

Data collection and refinement statistics.

Data collection statistics
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Space group
Cell dimension
a,b,c (A)
o, B,y (%)

Resolution range (A) [outer shell]

No. reflections

P2,2,2

137.53, 139.97, 111.95
90.00, 90.00, 90.00
50-2.3 [2.36-2.30]
96251

Rerge (%) 8.0 [62.0]
Multiplicity 5.0[4.9]
Average /ol 21.5[2.4]
Completeness (%) 99.5[99.8]
Refinement statistics
No. atoms 12721
Protein 11632
Ligand (PC) 108
Ligand (PE) 102
Carbohydrate 317
Waters 506
Other ligands and ions 56
R/Riree 0.201/0.248
Ramachandran plot (%)
Favored 97.9
Allowed 100
R.m.s. deviations
Bonds (A) 0.012
Angles (°) 1.457
B-factors (A?)
Protein 43.1
Ligand PC 59.8
Ligand PE 59.0
Carbohydrate 58.6
Waters 21.2
Other ligands and ions 53.2
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