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Many analogues of KRN 7000, a synthetic glycolipid (a-galactosylceramide) exhibiting immuno-stimu-
latory activity and antitumor properties, were previously synthesized and tested in order to understand
the reasons for the resulting biological activity and Th1/Th2 cytokine profile. Principles have been es-
tablished for the interaction of such glycolipids with the human CD1d molecule but the exact mechanism
by which different ligands with the same polar head elicit distinct biological responses remains unclear.
Based on these experiments and on the available crystal structures, protein–ligand interactions are ex-
plored using molecular dynamics simulations. Hydrogen bond interactions are examined with regard to
the polar group orientation. The influence of modulations on the dynamic behavior of the CD1d–gly-
colipid complex is addressed. Overall, our data support the mechanism by which the shortening of the
a-GalCer sphingosine chain causes a significant twist of the CD1d a1 helix structure from residue Phe84
that affects the position of CD1d residues involved in the TCR recognition.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

KRN 7000 is a synthetic a-galactosylceramide (a-GalCer) that
binds to the hydrophobic pocket of the CD1d protein and stimulates
natural killer T (NKT) cells by means of T cell receptor (TCR) rec-
ognition. KRN 7000 and structural variants of this synthetic gly-
colipid have been the subject of many studies in the past few years.
In particular, there has been considerable interest on how to best
induce a selective production of cytokines. Many studies focused on
analogues that differed either by stereochemistry, by carbohydrate,
or by the ceramide nature. Publication1 of the crystal structure of
human CD1d crystallized with a-GalCer gave important insights on
how glycolipids are loaded into CD1d and provides guidelines for
the design of new therapeutic agents. More recently, Borg et al.2

provided the first crystal structure of a human NKT TCR associated
with the CD1d–a-GalCer complex, providing detailed insights into
the lipid recognition by a TCR.

Reported information in the literature essentially concern the
effects elicited by the glycolipid after the activation of the NKT
cells.3 KRN 7000 proved to be efficient in vivo against several
cancer tumors (for example, liver and lung tumors),4–10 against
ax: þ33(0)3 2691 3166.
n).
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malaria,11–13 tuberculosis,13 and auto-immune diseases (for exam-
ple, diabetes, and lupus).14–17 Because of those activities, KRN 7000
became a very useful pharmacological agent in fundamental and
therapeutic research, and recently, several phase I clinical trials in
cancer research have been published.18–22 It has been also dem-
onstrated that mice acquire a specific immunity against the tumor
after treatment with KRN 7000. In vitro, however, its cytotoxicity
against those tumor cells is insignificant. In fact, KRN 7000 is not
directly cytotoxic against the infected cells. KRN 7000 and other
a-glycoceramides activate the immune system against tumors and
rehabilitate it in order to fight against auto-immune or pathogenic
diseases. a-GalCer is presented to the NKT cells via a protein, named
CD1d, associated to a b2-microglobulin (b2m). The complex is
carried by antigen-presenting cells (APCs) such as dendritic cells,
macrophages.23 Upon recognition of the CD1d–glycolipid complex
by the TCR, the NKT cells rapidly initiate the secretion of several
cytokines, very active soluble substances involved in cellular
communication. Among these cytokines, interferon-g (INF-g) and
interleukines-4 (IL-4) involve the so-called specific Th1 (T Helper 1)
and Th2 (T Helper 2) responses, respectively. After the activation
cascade of other immunity cells (for example, B cells or macro-
phages), the Th1 response is tuned against cancer tumors while the
Th2 response is involved in the treatment of auto-immune diseases
(Fig. 1). KRN 7000 produces the INF-g and IL-4 in the same quan-
tities. For therapies, it would be very beneficial to preferentially
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Figure 1. Activation of NKT cells by the complex CD1d–a-GalCer.

Figure 2. CD1d–a-GalCer structural features in side view (left) and orthogonal top
view (right).
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induce either response. This is the reason why so many groups
work on the synthesis of analogues to favor a specific immune
response.

To our knowledge, no dynamic simulations have been performed
on the human CD1d–a-GalCer complex. Only a few molecular
modeling studies were used to investigate specificities of the
human CD1d–lipid interactions. Docking was performed by Fujio
et al.24 to model the binding of selected compounds (containing
a phenyl terminal group) in the human CD1d hydrophobic pockets,
and to study the interactions between these designed analogues
and the protein. Their theoretical results did not vary significantly
from the CD1d–a-GalCer crystal structure. In order to explain the
results for short phytosphingosine analogues, Tobal et al.25 per-
formed a geometry optimization of the complex. They suggest that
such ‘static’ energy calculations do not reflect the dynamics, and
are not sufficient for evaluating and predicting the effects of the
glycolipid modulation. A previous experimental study26 provided
useful physicochemical information about the interactions between
mouse CD1d and a short chain synthetic variant of a-GalCer (PBS-
25), showing the high specificity of the glycolipid as ligand.

There are at least two points to be considered in the design of
new a-GalCer analogues. First, the immune response will depend
on the ability of the glycolipid to be recognized by TCR. Therefore,
the nature of the glycosyl head group, which is mainly involved in
the recognition process,2 is of importance. In addition, the dynamic
behavior of the exposed part of the sugar bound to CD1d, and its
dependence on structural variations of lipid chains should be
considered as well. Moreover, the stability of the CD1d–glycolipid
complex, which is mainly attributed to the length of the two lipid
chains,27 may be a contributing cause to the bioactivity. Our study
of four binary complexes CD1d–glycolipid addresses these two
key aspects, by characterizing the physicochemical interactions
between the glycolipid and protein, and by examining the dynamic
behavior of the polar head of the ligand. We performed mole-
cular dynamic (MD) simulations of a-GalCer (AGH) and of three
analogues (OCH, AGL-535, and AGP) bound to CD1d to characterize
the binding of the glycolipids to the CD1d cavities. Comparisons
with the X-ray structure of AGH allowed us to validate the com-
putational methodology, and to examine the effects of structural
variations on the polar head orientation and position on the rec-
ognition process. The long-term goal of our research is to rationally
design ligands that induce an optimal and selective immunity
response. For this, it is necessary to understand the behavior of
a-GalCer in the hosting biological medium, and so it is of primary
importance to give interest to physicochemical interactions with
carrying cells. It is also important to address the mechanism of
interaction of the glycolipid in relation with immunity system cells
(essentially NKT cells).

We will use the following notation (reported in Scheme 1) for
the a-GalCer ligand and its three analogues.
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Scheme 1. a-GalCer (AGH), OCH, AGP, and AGL.
2. Results and discussions

2.1. Hydrogen-bonding interactions between a-GalCer
and CD1d

The basic architecture of human CD1d was previously de-
scribed.1 It is a protein constituted of a C-terminus a3 domain, and
a more complex N-terminus domain that has two a helices, which
can act as a ‘jaw’ to hold the ligand in the active site (Fig. 2). These
two helices (a1 and a2) lie on top of a seven strands b-sheet. The
CD1d molecule is structurally related to major histocompatibility
complex (MHC) class I molecules, except for two hydrophobic
channels A0 and C0 that accommodate the two lipid chains of
a-GalCer in the N-terminal part. These lipid chains consist of an acyl



Table 1
Mean and standard deviation (in brackets) values of selected hydrogen bond lengths (Å) calculated during the MD simulation of four CD1d–ligand complexes

2-OH/Asp151 3-OH/Asp151 Asp151-O/H-Thr154 Thr154-O/20-HN 30-OH/Asp80 40-OH/Asp80

AGH 1.80 (0.27) 1.74 (0.27) 1.69 (0.13) 2.10 (0.18) 1.70 (0.24) 1.75 (0.37)
OCH 1.89 (0.49) 2.41 (1.40) 1.70 (0.20) 2.12 (0.22) 1.76 (0.40) 1.70 (0.33)
AGP 1.81 (0.24) 1.74 (0.27) 1.76 (0.32) 2.15 (0.24) 1.96 (0.74) 3.12 (1.37)
AGL 1.75 (0.22) 1.71 (0.17) 1.70 (0.13) 2.10 (0.22)

Hydrogen bonds involving aspartate residues (Asp) were obtained considering the distance between hydrogen atom and the closest aspartate oxygen atom.

Figure 3. Hydrogen bonds network between a-GalCer (green carbon atoms) and
CD1d; lipid chains are truncated for clarity; snapshot taken from the molecular dy-
namics trajectory.
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chain (26 carbon atoms) and a phytosphingosine chain (18 carbon
atoms). In fact, a-GalCer was crystallized with two molecules of
CD1d.1 In the dimer, only one monomer contains a ligand in its
active site; the non-lipid-bound monomer (empty in its active site)
is placed in front of the polar head of a-GalCer. It is interesting
to note that the b-sheet Gln127 residue of the lipid-free monomer
H-bonds to the 4-OH hydroxyl group (with a distance of 2.61 Å
between the 4-O and Gln127 N atoms), thus mimicking a receptor
of the cell involved in immunological phenomena. This is in line
with the recent X-ray structure2 of a human NKT TCR in complex
with a a-GalCer bound to CD1d, which revealed that the 4-position,
which is free of interactions with its CD1d host, is involved in
a polar recognition with the NKT cell receptor through H-bonding.

In our study, starting from the first crystal structure,1 hydrogen-
bonding interactions between the glycolipid and its host are first
described from molecular dynamic simulations (see computational
details in Section 4). Distances for important hydrogen bonds as-
sociated with the polar head binding as well as the sphingosine
binding were monitored during the course of the MD simulation.
The corresponding mean and standard deviation values are
reported in Table 1. We observe that the polar head is involved in
a relatively small number of intermolecular hydrogen bonds during
the trajectory, as shown on Figure 3 (a snapshot taken from the
molecular dynamics trajectory).

Only two interactions were clearly identified between the polar
head and the CD1d a2 helix: the 2-OH and 3-OH hydroxyl groups of
the D-galactose ring are hydrogen bonded to the two Asp151 oxy-
gen atoms (mean value of 1.80 and 1.74, respectively). A full analysis
of the H-bond behavior during the simulation shows that these two
H-bonds remain formed even when the Asp151 carboxylate group
rotates about the C–C bond after 4 ns (Fig. 4). Thereof, the orien-
tation of the polar head between the two a helices remains un-
changed during the 10 ns simulation. Actually, the sugar backbone
root mean square deviation (rmsd) plot (see the AGH plot in Fig. 5)
does not show significant fluctuation.

Hence, the 4-OH group always point toward the outside of
the entire structure. This is in line with the experimentally found
a-GalCer presentation requirements2 shown to result from a spe-
cific H-bonding between KRN 7000 (2, 3, 4, and 30 hydroxyl groups)
and both the CDR1a and CDR3a loops of TCR (Fig. 6).

Thus, according to the X-ray structure data and to our simula-
tion data, the 2-OH and 3-OH groups, in addition to contribute to
the TCR binding, prevent the sugar head from rotating and hold the
4-OH group in a specific direction. Moreover, it is to be noted the
specific position of residue Trp153 (a2) that is located in very close
proximity to the exposed sugar during all the simulation (Fig. S1).
Its side chain and the ‘least hydrophilic’ side of the sugar are in van
der Waals (VDW) contact with a face-to-face configuration. The
contribution of this VDW contact to the ligand binding affinity is
examined in the following by means of the MM-GBSA analysis.

In other respect, detailed inspection of crystal structures1,2 and
H-bond analysis from our MD simulations do not support
H-bonding between the glycosidic oxygen atom and the Thr154
(a2) hydroxyl group as previously suggested by several authors.
According to the X-ray data, Thr154 can act as a H-bond donor with
the glycosidic oxygen atom or a H-bond acceptor with the 20-NH
amide group. We report in Table 2 the distances and bending angles
between the related heavy atoms of the Thr154 residue and AGH.
In both crystal structures, the Thr154 oxygen atom is closer to the
nitrogen atom than to the glycosidic oxygen atom of AGH. More-
over, the bending angles are clearly in favor of H-bonding involving
the amide function rather than the glycosidic oxygen atom. In fact,
the distance between the glycosidic and Thr154 oxygen atoms
ranges between about 3.5 Å and 4.0 Å during all the performed
dynamic simulation of the CD1d–AGH complex (mean value of
3.9 Å). Instead, it is very interesting to note that Thr154 forms
hydrogen bonds both with Asp151 (a2) and 20-NH (Fig. 7). Similarly,
a previous docking model28 of binding and recognition of glyco-
lipids with mouse CD1d (mCD1d) suggested that the amide part of
the acyl chain interacts with the Asp153 residue (equivalent to
human Asp151). However, this study also suggested that Asp80
(common to mCD1d and hCD1d) interacts with the 2-OH hydroxyl
group on the carbohydrate part, unlike the features pointed out
by our results and by the now available crystal structures of
CD1d–a-GalCer complex.

The resulting H-bond network (Fig. 3) built up from 2-OH, Thr154,
Asp151, and 20-NH (noted OTAN in the following) seems to play
a central role by strongly contributing to the stability of the head
group. Because the glycosidic oxygen is not H-bonded to the protein
during the simulation, the binding properties of the C-analogue may
be similar. These data give support to the a-C-galactosylceramides
modulation strategy. This variation is attractive because its synthetic
access is easier.29,30 Our dynamics simulation results are consistent
with the X-ray data published by Koch et al.1 and Borg et al.2 showing
that the polar head of the a-GalCer is solely and strongly retained by
the a2 helix. Molecular dynamic simulations should then provide
reasonable insights into a-GalCer variations.

Turning to examine the hydrogen bonds involving the
sphingosine chain of AGH we consider now the 30-OH and 40-OH
hydroxyl groups’ behavior. Previous experimental studies in-
vestigated the importance of the OH groups of the sphingosine
chain. Iijima et al.,31 using the mixed leukocyte reaction (MLR) in
vitro tests, have shown that an analogue lacking the 30-OH and 40-
OH (AGL-535) resulted in no MLR response, while the presence of
the 30-OH group alone significantly stimulated the proliferation of



Figure 4. Hydrogen bonding between 2-OH, 3-OH, and Asp151 during a 10 ns simulation. Black and red colors refer to Asp151-O1 and -O2 oxygen atoms, respectively.
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spleens cells. In parallel, Brossay et al.32 performed tests of NKT cells
reactivity to analogues presented by the human CD1d. One of their
conclusions is that the presentation of a-GalCer by human CD1d to
NKT cells requires the presence of the 40-OH group, while the an-
alogue without hydroxyl groups in positions 30 and 40 cannot be
Figure 5. Polar head backbone rmsd fit between each successive structure and the first
structure of the trajectory (AGH: black, OCH: red, AGP: green, AGL: blue).
presented by human CD1d to NKT cells. Furthermore, 30-OH has
been found to contribute to the TCR recognition process.2 During
our simulation strong hydrogen bonding (with a distance of about
2 Å) occurs between both the 30-OH and 40-OH groups of the
sphingosine chain and the Asp80 residue of the a1 helix (Fig. 3 and
Figure 6. Selected TCR–CD1d–a-GalCer interactions from the X-ray structure by Borg
et al.2



Table 2
Distances (Å) and bending angles (�) from the crystal structures CD1d–a-GalCer1 (1)
and TCR–CD1d–a-GalCer2 (2)

Crystal
structure
(1)

Crystal
structure
(2)

MD mean
value (standard
deviation)

Thr154 O–O Gly 2.83 3.52 3.90 (0.22)
Thr154 O–N amide 2.69 2.91 3.08 (0.17)
Thr154 C–Thr154 O–O Gly 164 170 166 (6)
Thr154 C–Thr154 O–N amide 115 125 139 (8)

‘O Gly’ refers to the glycosidic oxygen atom of a-GalCer; ‘N amide’ refers to the AGH
amide function; mean and standard deviation values from the 10 ns MD of the
CD1d–AGH complex are reported for comparison.

Figure 7. Hydrogen bonding between the Thr154 residue of CD1d and both 20-NH of
AGH (green) and Asp151 during a 10 ns simulation. Black and red colors refer to
Asp151-O1 and -O2 oxygen atoms, respectively.

Figure 8. Location of inserted double bonds (purple cylinders at positions 1100 and 1400)
and terminal phenyl (purple spheres at positions 600 , 800 , and 1100) into the acyl chain of
different tested analogues. Aromatic residues Trp40, Tyr73, and Phe70 of CD1d. Carbon
atoms of AGH are in green; the sphingosine chain of AGH is truncated for clarity.
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Fig. S2). From these results, hydrogen bonding involving the 30-OH
and 40-OH groups appear to play an important role but, due to their
position (after the junction of the two alkyl chains), it is not sure
whether these H-bonds are related to the orientation and position
of the polar head or serve to anchor the ligand into the binding
groove, or both. To get insight into the role of these two hydroxyl
groups, an MD simulation regarding the movement of the analogue
(AGL) lacking 30-OH and 40-OH is presented in Section 2.2. In other
respects, as suggested by Franck and Tsuji,33 the carbonyl group of
the amide function appears to be free of direct interactions with the
CD1d protein. During our simulations, a water molecule bridges
the carbonyl oxygen atom alternately with either the 6-OH group or
the carbonyl group of Ile70 (a1), through hydrogen-bonding
network. It is then relatively less exposed than the 4-OH hydroxyl
group, which is directed outside the binding groove.

2.2. Comparison between a-GalCer and three analogues:
polar head and lipid chains conformational flexibility

Structural variations of the polar head were performed in earlier
studies,3,31,34 but most of the analogues in the a-GalCer series de-
rive from variations of the lipid chains.24,31,35–38 Considerable in-
terest has been devoted to ligand modulations able to tune the
balance of the cytokine levels. The substitution of the 30-OH and
40-OH hydroxyl groups has been investigated in detail as well as the
lipid chain length effect on the cytokine release profiles. De-
termining the extent to which modulations influence the cytokine
release is a difficult task. Actually, numerous factors can play a role
in the outcome of the NKT cell activation elicited by KRN 7000 and
analogues, among those are the chemical nature of the polar head,
the presentation to the TCR binding region, the ternary and binary
complexes stability, the loading requirement onto CD1d (acidic pH,
dependence on endosomal loading for presentation by CD1d,36 the
hydrolytic degradation of ligands by glycosidases).39 However,
principles were established from earlier studies. The length of the
NKT cell stimulation by CD1d-associated glycolipids is determined
by the length of the sphingosine chain, and chain-shortened gly-
colipids (such as the OCH analogue) seem to result in a less stable
CD1d–ligand complex with a shorter half-life.40 Since the IL-4
production was shown to require shorter TCR stimulation than IFN-
g,40 it has been thought24 to generate less stable CD1d–ligand
complexes in order to elicit the cytokine profile toward a Th2 re-
sponse. Conversely, a biased Th1 response was predicted through
increasingly stable CD1d–glycolipid complexes. Furthermore, the
synthesis of lipids with unsaturated bonds into the acyl chain has
provided a new important clue to the understanding of the stability
of the resulting complexes. Recent studies24,36,38 (with the in-
sertion of double bonds or a terminal aromatic group into the acyl
chain) revealed that CD1d aromatic residues could be used to
promote specific interactions with the glycolipid (Fig. 8).

The CD1d–ligand complex stability most certainly plays a cen-
tral role in all these experiments. This key aspect can be addressed
by calculating binding free energies based on MD trajectories (work
in progress). But, in our opinion, the mechanism by which ana-
logues of KRN 7000 might elicit a destabilization of the polar head
or alter the position of those residues that are involved in the TCR
recognition process should be considered as well. Actually, recent
experiments27 demonstrated that the sphingosine chain length
solely governs the binding affinity of TCR to CD1d–glycolipid
complex. In this work, a model was advanced in which the CD1d
protein could undergo conformational changes issued by the
modulation of the lipid chain buried in the C0 channel. A partial
collapse of the unfilled portion of the pocket would result in sur-
face-exposed structural changes modulating the TCR recognition.
More precisely, the authors suggest that positional changes in the
Asp151 and Thr154 residues could result from this mechanism,
preventing the hydrogen network from dictating the head group
position and then affecting the recognition process.

In our work, we have used molecular dynamics simulations of
10 ns duration to explore the dynamic behavior of both the sugar
part and the lipid chains of three analogues (Scheme 1) bound to
CD1d. The truncated sphingosine analogue (OCH, C24:9) was pre-
viously found to induce a ‘Th2 biased’ response,40,41 but it also leads
to a lower response than KRN 7000.42 Furthermore, a previous
experimental study, using the mixed leukocyte reaction (MLR) in
vitro test, has shown that the AGL-535 analogue (no hydroxyl
groups in the sphingosine chain, C24:18) results in no MLR stim-
ulatory activity.31 More recently, a synthesized compound bearing



Figure 10. Lowest energy structures of the AGH, OCH, and AGP ligands in complex
with CD1d from the 10 ns trajectories; alignment was to the AGH a1 and a2 helices
backbone; the a2 helix and AGL–CD1d complex are removed for clarity.
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a terminal phenyl group into the truncated acyl chain (C8:18) was
found to be more potent than KRN 7000 with a bias for IFN-g se-
cretion.35 The AGP notation has been reserved for this molecule in
the following.

The influence of modulations onto the polar head orientation
dynamics was first examined. As evidenced by Figure 5, removing
the 30-OH and 40-OH groups (AGL analogue) does not destabilize
the polar head orientation along the simulation, as compared with
AGH. Actually, no conformational change is revealed by the sugar
backbone rmsd plotted as a function of time. This result is con-
firmed by the OTAN hydrogen bonds network analysis for AGL
(Fig. 4 and Fig. S3). One can then assume that the specific sugar
orientation solely results from hydrogen bonding involving the
polar head itself (2-OH and 3-OH) and the amide function (Fig. 3).
As the 2-OH and 3-OH hydroxyl groups are essential for efficient
recognition by TCR, a chemical alteration concerning the amide
function only, without sugar modification, may be expected to
impact this hydrogen bond network and might provide a way to
induce a polar group destabilization and then a Th2 bias response.
This is in line with the experimental results of Lee et al.43 who have
shown that one bioisosteric analogue containing an 1,2,3-triazole
function in place of the amide function seems to be in favor of the
Th2 immune response. A computational approach would be useful
to estimate the influence of replacing the amide function.

In other respects, the truncation of the sphingosine chain (OCH)
revealed very interesting features. As shown in Figures 4 and 5, the
shortening of the sphingosine chain affects the positional stability
of the ligand exposed part by mainly breaking the H-bond between
3-OH and Asp151 after 8 ns. The resulting new position of the head
group (Fig. 9) shows H-bonding between the 6-OH group and the
Arg79 (a1) residue previously shown to be involved in the recog-
nition process through interaction with Asp94a at the CDR3a–CD1d
interface.2

The 4-OH group orientation is then drastically altered and it is
reasonable to assume that all these structural changes do not favor
the binding affinity of the binary CD1d–OCH complex to TCR. The
truncation of the sphingosine chain has been shown to lead to a less
stable complex with CD1d,40 but in addition, from our study, it
seems that dynamic factors may play a role by hindering the
TCR recognition. It is to be noted that the polar head destabilization
was only observed during the dynamic simulation of the OCH
analogue.

Next, we examined the influence of the sphingosine chain
truncation on the a1 and a2 helices. Figure 10 represents the su-
perposition of the lowest energy structures obtained from simu-
lations of the AGH, OCH, and AGP ligands in complex with CD1d
(AGL has been removed from the figure for clarity). Alignment was
performed using a rmsd fit of the complexes (with OCH, AGP, and
AGL) based on the AGH a1/a2 helices backbone. Interestingly, the
lack of lipid chain, in the C0 hydrophobic channel of CD1d binding
Figure 9. Hydrogen bonds network between the OCH analogue and CD1d protein after
8 ns of simulation; lipid chains of AGH are truncated for clarity.
the OCH analogue causes the phenyl group of the Phe84 residue
(a1) to be significantly shifted down into the groove, as compared
with the AGH, AGP, and AGL analogues. As a consequence, this
deviation of Phe84 induces a poor structural alignment from resi-
due 83 to the end of the a1 helix (Fig. 10). Thus, this settling induces
a small but significant distortion of mainly the a1 helix that affects
the residues involved in the TCR recognition mediated by CDR2b
(Glu83, Lys86, Arg89). Since the Phe84 residue has been shown to
make VDW contacts with the Leu99a residue of the CDR3a loop of
TCR,2 such an offset might result in reducing the interaction with
the TCR a-chain. In order to confirm that this settling can be as-
cribed to the CD1d partially unfilled C0 pocket of CD1d bound to
OCH, the Phe84 backbone rms deviation from the corresponding
amino-acid of a common reference structure was calculated for the
AGH, OCH, AGP, and AGL ligands bound to CD1d (see computational
details in Section 4) and plotted as a function of time. As can be seen
from Figure 11, the OCH analogue induces the most important de-
viation, as compared with the other compounds that entirely fill the
C0 channel. Such a deviation was not observed for the residues of
OCH before residue 83 of helix a1. Moreover, it seems that the
Phe84 side chain settling occurs without impacting the OTAN
H-bond network and independently of the polar head rocking
motion observed from 8 ns for OCH. These results are in line with
those of McCarty et al.27 who showed that the shortening of the
sphingosine chain weakens the stability of the TCR binding to
CD1d–glycolipid complex.

We turn now our focus to the way the glycolipid moves within
the trapping CD1d pockets noted A0 and C0. The ability of KRN 7000
to fit perfectly within the two channels A0 and C0, the length of the
two chains, the curve of the acyl chain around a central pole, have
been discussed in details by Koch et al.1 The sphingosine backbone
Figure 11. rmsd of the CD1d Phe84 residue backbone between each successive
trajectory structure and the AGH–CD1d lowest energy structure as reference; align-
ment was to the AGH a1 and a2 helices backbone; AGH: black, OCH: red, AGP: green,
AGL: blue.
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rmsd is reported as a function of time in Figure 12 for those com-
pounds having the same sphingosine chain length (AGH, AGP and
AGL). The plot does not show excessive fluctuations and we can see
the formation of several significant plateaus revealing conforma-
tions with stability from 100 ps to several nanoseconds along the
simulation. Thus, despite the multitude of possible conformations
of the sphingosin lipid chain (18 carbon atoms for AGH), the in-
ternal motions in the binding pocket occur with only a relatively
few degrees of freedom. The acyl chain rmsd plot shows relatively
more reduced fluctuations for the AGH, OCH, and AGP analogues.
These findings are in line with pockets perfectly enclosing the lipid
chains of the ligands. However, longer simulations and binding
affinity computations are required to gain a deeper insight into the
relative stability of the ligands.

An interesting variant is the introduction of an aromatic group
into the acyl chain. Analyzing the position of the phenyl terminal
part in the simulation of the AGP analogue we determined that the
Figure 12. Glycolipid chains backbone rmsd fit between the trajectory structures and
the first structure as reference (A) sphingosine, AGH: black, AGP: red, AGL: green; (B)
acyl, AGH: black, OCH: red, AGL: green.

Figure 13. The two main orientations of the AGP terminal aromatic group enclosed by the
carbon atoms of AGP are in green.
aromatic group adopts orientations to interact with the Tyr73 (a1)
residue, as suggested by Fujio et al.24 and the Phe70 (a1) residue as
well (Fig. 13). Our results are in line with the author’s suggestion
that making specific interactions with the glycolipid could be
utilized to induce a stronger Th1 response (as experimentally ob-
served for AGP) through CD1d binding enhancement. Furthermore,
according to its size (C8 for AGP), the terminal part of the acyl chain
was expected to explore each side of the central pole Cys12
(b strand) during the simulation: toward the a1 helix or toward the
a2 helix. Instead, as shown in Figure 13, the phenyl group is found
to be continuously enclosed by three residues: Phe70, Tyr73, and
Cys12, and is held in the region of the a1 helix along the simulation.
In fact, Phe70 acts as a guide by attracting the lipid chain toward the
a1 helix side of the A0 channel only.

This is in line with the counter-clockwise direction observed in
the crystal structure for the KRN 7000 acyl chain found to roll
around the Cys12 pole.1 This specific structural feature of the acyl
chain was previously used to explain why the C20:2 analogue (KRN
7000 analogue with two Z double bonds in the acyl chain at posi-
tions 11 and 14) dissociates from CD1d more slowly than the C20:0
analogue (no double bonds).27,36 Actually, McCarthy et al.27 suggest
that preformed curvature of the acyl chain (presence of Z double
bonds at the right positions) may stabilize binding of the lipid by
favoring the natural turning conformation of the acyl chain into the
cavity. Furthermore, it could also favor the ligand loading re-
quirement onto CD1d. Thus, based on entropic factors, the in-
troduction of unsaturated bonds may be used to favor loading and
fitting in the A0 channel. Figure 14 shows the calculated dihedral
angle as a function of time for the C11–C12 and C14–C15 bonds in
the AGH acyl chain during the 10 ns simulation. The dihedral plots
are relatively flat and indicate very few conformational transitions.
That confirms that the lipid chain has reduced degrees of freedom
within this region of the A0 channel. However, it is to be noted that
the dihedral average values (about 170� and 70�/170� for C11–C12
and C14–C15, respectively) are far from the 0� value experimentally
imposed by the introduction of a Z double bond in C20:2.27

In fact, our AGH simulation suggests that the Z model does not
fit well with the calculated dihedral angles forming the bend
around Phe70 (Fig. S4) in the CD1d–AGH simulation. However, E
double bonds configuration in unsaturated fats is known to pro-
mote a linear conformation. Inspection of all the C–C–C–C dihedral
angles (values and fluctuations) around the circular pole during the
10 ns dynamics of AGH leads us to propose four positions at which
the geometry of the Z double bond may help to introduce a bend
relatively close to that found in the natural compound: C10–C11,
C13–C14, C19–C20, and C22–23. Issued analogues would need to be
addressed by further dynamics simulations to get a deeper insight
into the resulting changes in the molecular structure of the com-
plex. In addition, similar double bond introductions into the
sphingoshine chain could be envisaged using an E double bond
Phe70, Tyr73, and Cys12 residues of the CD1d protein during a 10 ns simulation. The



Figure 14. C–C–C–C dihedral angle F as a function of time for C11–C12 and C14–C15 of
the a-GalCer acyl chain.
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strategy due to the relative linear conformation of this chain in the
KRN 7000 molecule associated with the CD1d protein. Also, it is to
be noted that the two fatty chains are in very close proximity after
the junction up to the carbon atoms C600 and C80, nearly forming
VDW contacts. New modulations could account for all these
structural features.

Finally, the methodology MM-PB(GB)SA (Molecular Mechanics
Poisson–Boltzmann or Generalized Born Surface Area)44 was
employed to evaluate and compare the binding free energies of the
four studied ligands. This approach has been thoroughly described
elsewhere and compared with the potential of mean force (PMF)
and thermodynamic integration (TI) methods in the frame of
protein–ligand binding free energy calculations.45,46 As can be seen
in Table 3, the strongest affinity is between a-GalCer and CD1d.
Investigation of the different contributions to binding (see Table S1)
shows that (i) removing the 30-OH and 40-OH groups (AGL) results
in a large decrease of the electrostatic contribution while (ii)
truncating the sphingosine (OCH) or the acyl (AGP) chain results
in lowering the van der Waals interaction between protein and
ligand. These results, combined with the MM-GBSA per-residue
decomposition analysis (see Fig. S5), confirm our previous con-
clusions. In particular, the residues Trp153 (VDW interaction with
the carbohydrate part), Thr154 (electrostatic interaction with the
amide function), and Tyr73 (VDW interaction with the acyl chain)
Table 3
Mean binding free energies DG (kcal mol�1) of four ligands

AGH OCH AGL AGP

GB (100 snapshots) �114.5 (4.2) �87.1 (4.2) �108.5 (4.8) �78.3 (4.2)
TDS (10 snapshots) �53.7 (13.4) �32.5 (27.5) �55.1 (20.2) �44.9 (10.1)
DG �60.8 �54.6 �53.4 �33.4

Interaction energy (GB in kcal mol�1) using the generalized Born solvation model
and 100 snapshots; entropy contribution TDS (kcal mol�1) using 10 snapshots;
standard deviations are in brackets.
contribute strongly to the overall binding affinity. These results also
support the role of the Phe84 residue, which interacts with the
untruncated sphingosine chain. On another hand, it can be noticed
that the origin of the enhanced potency of the AGP ligand is still
unclear and cannot be ascribed to the CD1d–AGP complex stability.
Actually, the introduction of an aromatic terminal group to the
truncated fatty acyl chain of AGP is found to considerably lower the
overall VDW interaction and then the binding affinity. It is also to be
noted that the binding energy contributions of the charged Asp80
(a1) and Asp151 (a2) residues are predicted with large standard
deviations. This is because these two residues are the only to ex-
hibit large values of the electrostatic and solvation terms, which
tend to approximately cancel each other. Also, the normal mode
analysis calculations present large standard deviations that in-
troduce a significant uncertainty in the entropy contribution and
then in the free energy result. Therefore, the MM-GBSA tool pro-
vides valuable insights into the nature of the binding contributions
but gives relatively poor predictions for binding free energies in our
case.

3. Conclusion

Interaction of the KRN 7000 molecule with the human CD1d
protein was explored using molecular dynamics modeling. Based
on the available crystal structure of the human CD1d protein
binding the glycolipid, molecular simulation trajectories of 10 ns
have been used to analyze the dynamic behavior of both the sugar
part and the lipid chains of a-GalCer and three analogues in com-
plex with CD1d. Our findings suggest that the specific sugar head
orientation solely results from hydrogen bonding involving the
polar head itself (2-OH and 3-OH), the amide function of a-GalCer
and the a2 helix. H-bond network built up from 2-OH, Thr154,
Asp151, and 20-NH strongly contributes to the stability of the head
group. Thereof, we suggest that a destabilization of the exposed
sugar part might be obtained by chemical modulation affecting the
amide function without sugar modification. It is also to be noted
that both detailed inspection of the crystal structures and the
simulation data do not confirm that the glycosidic oxygen atom
make hydrogen bond with the a2 helix of CD1d via the Thr154
residue. This is quite contrary to what has been earlier assumed.
This result gives support to the a-C-galactosylceramides modula-
tion strategy. The influence of some modulations on the dynamic
behavior of the CD1d–glycolipid complex has been addressed as
well. In particular, the OCH molecule (the truncated sphingosine
analogue), previously found to induce a ‘Th2 biased’ response was
studied. A polar head rocking was observed for this OCH analogue
(only) after 8 ns of simulation. Structural information was obtained
by examining the new position of the OCH head group after the
conformational transition. In particular, the 4-OH group orientation
is strongly altered and the 6-OH group forms H-bond with the
Arg79 residue, which is involved in the TCR recognition process.
Independently of this event, a significant settling of the Phe84 side
chain of CD1d a1 helix into the binding groove was observed for
OCH (only), due to the partial filling of the C0 channel of CD1d. This
structural change has been found to affect the position of CD1d
residues involved in the TCR recognition. Thus, in addition to the
importance of the CD1d–ligand complex stability, dynamic factors
may play a role by hindering TCR recognition. This aspect could
be addressed by computing binding affinity of TCR to the CD1d–
glycolipid complex for selected analogues. All these results are in
line with the recent experimental findings of MacCarthy et al.27 In
other respects, analyzing the position of the phenyl group in the
simulation of the AGP analogue associated with CD1d confirms
Fujio et al.’s suggestion that CD1d aromatic residues could be used
to promote specific interactions with the glycolipid.24 However, the
origin of the enhanced potency of the AGP ligand is still unclear



E. Hénon et al. / Tetrahedron 64 (2008) 9480–94899488
according to the low complex stability predicted using the
MM-PB(GB)SA approach.

4. Molecular modeling

4.1. Force field parameters and generating the starting
structures

All the molecular mechanics and dynamics calculations were
carried out with the AMBER947 package. Since the present study
was undertaken (September 2005) prior to the Amber9 release, the
ff99 force field48 was used for the protein instead of the ff99 Stony
Brook force field modification (ff99SB),49 which presents extremely
minimal changes improving backbone torsional dihedral parame-
ters. As stated by the authors, in addition to the overstabilization of
the helical conformations present in ff99, the problem mainly
originates in the inadequacy of glycine ff99 parameters. Since the
a1 helix of the studied protein CD1d does not contain any glycine
residue and the a2 helix contains only two glycine residues far from
the glycolipid location, our simulations should allow for the com-
parison of CD1d host–ligand interactions for different ligands. The
water molecules were modeled using the TIP3P energy function.50

The general amber force field (gaff)51 was used in conjunction with
the antechamber program52 (atomic charges) to describe the
glycolipid. The AM1-BCC53 charge model used by antechamber
produces atomic charges that emulates the HF/6-31G* electrostatic
potential of the molecule by using AM1 calculations (including
a geometry optimization) and parameterized bond charge correc-
tions. The gaff force field was preferred to the Glycam force field54

developed for MD of glycoprotein and oligosaccharides. The pub-
lished X-ray structure (PDB code 1ZT4) consists of a heavy chain
loaded with a-GalCer and a b2-microglobulin (b2m) light chain1

that provided the initial coordinates. Hydrogen atoms were added
to the ligand X-ray structure using the babel package.55 Three
disulfide bond linkages between cysteine residues have been acti-
vated as defined into the published X-ray structure. The pro-
tonation state of ionizable sidechains was examined using the very
fast empirical method implemented in the Propka56 application.
Residues aspartate, cysteine, histidine, and glutamate, close to the
glycolipid, received particular attention. However, the predicted
pKa shifts don’t lead to a change in protonation state at physio-
logical pH. The OCH, AGP, and AGL analogues were derived from
this initial set of coordinates. The complex was explicitly solvated in
a 37 Å radius sphere centered on the center of mass of the ligand (a
cap of water molecules was added). The sphere is of sufficient size
as to contain several layers of solvent molecules. No implicit solvent
model was used beyond the solvent cap. This approach was se-
lected because it involves fewer water molecules than a full peri-
odic boundary treatment. Those protein atoms more than 37 Å
from the cap center were restrained during the MD simulations by
using a harmonic potential with a force constant of 10 kcal/
(mol Å2). These restraints include a part of the b2m and the a3
domain. A cutoff of 15.0 Å was used for non-bonded interactions. At
first, the energy of the water molecules was minimized with 500
cycles of steepest descent followed by 3500 cycles of conjugate
gradient minimization during, which all of the atoms of the ligand
and the protein were kept frozen. This was followed by energy
minimization of the entire system, using the same protocol.

4.2. Molecular dynamics details

The molecular dynamics simulations employed a 1 fs inte-
gration time step. The water molecules were first heated from 0 to
300 K during 10 ps by the weak-coupling algorithm with a time
constant for heat bath coupling of s¼1.0 ps, equilibrated for 30 ps,
and then cooled to 0 K during 10 ps. During these simulations the
rest of the structure was kept restrained. Next, the solvated struc-
ture (within the sphere) was heated to 300 K in 10 ps and equili-
brated for a further 30 ps followed by 10 ns of data collection. rmsd
fit based on sugar backbone (without 6-O) and on O–C01–C02(N)–
C03 backbone was employed to measure the polar head fluctuation.
Similar rmsd fits were carried out to measure how much the acyl
and sphingosine chains structure change during the simulations.
Measure of the Phe84 residue backbone rms deviation (Fig. 11) was
obtained as follows for each compound (AGH, OCH, AGP, and AGL):
(1) based on the a1/a2 helices backbone selection, trajectory was
aligned to the CD1d–AGH lowest energy structure, (2) the rmsd of
the Phe84 backbone between each successive trajectory structure
and the CD1d–AGH lowest energy structure was then calculated
and plotted as a function of time.
4.3. MM-PB(GB)SA calculations

The postprocessing method MM-PB(GB)SA was used to evaluate
the binding free energy of the ligand L (AGH, OCH, AGP, or AGL) to
the protein CD1d (P) computed as: DG(LþP/C)¼DGgas(LþP/

C)þDGsolv(C)�DGsolv(L)�DGsolv(P), where DGgas represents the
binding free energy calculated in the gas phase, and the terms
DGsolv correspond to solvation free energies. The details of the
calculation for the individual contributions are described else-
where.44 Both Poisson–Boltzmann (PB) and Generalized Born
methods (GB) were employed using either 25 or 50 or 100 snap-
shots to confirm the GB values for the solvation electrostatic
component. Only the GB method with 100 snapshots was retained
for subsequent calculations. Since performing normal mode anal-
ysis is computationally expensive, only 10 snapshots were used to
estimate the entropy contribution. As expected, the results show
that the larger the ligand the larger in magnitude TDS. Only a select
number of residues (residues 6–184) were chosen to perform the
energy decomposition presented in Table S1. This selection
accounts for more than 99.7% of the total interaction energy. Sol-
vent accessible surface area was computed using the ICOSAhedra
method. Other GB input parameters are the GB model (IGB¼2),
the mobile counter ions concentration (saltcon¼0.0), solvent (80.0)
and interior of molecule (1.0) dielectric constants, and values
used to compute the non-polar contribution (surften¼0.0072,
surfoff¼0.0).
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