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Background: Galectin-1 (GAL1) is a ligand for the pre-BCR which is involved in the proliferation and differentiation of
normal pre-BII cells.
Results: GAL1-dependent pre-BCR clustering is driven mainly by hydrophobic contacts.
Conclusion: Constitutive and ligand-induced pre-BCR activation can occur in a complementary manner.
Significance:This is the first molecular snapshot of a pre-BCR/ligand interaction that helps pre-BCR clustering and activation.

During B cell differentiation in the bone marrow, the expres-
sion and activation of the pre-B cell receptor (pre-BCR) consti-
tute crucial checkpoints for B cell development. Both constitu-
tive and ligand-dependent pre-BCR activationmodes have been
described. The pre-BCR constitutes an immunoglobulin heavy
chain (Ig�) and a surrogate light chain composed of the invari-
ant �5 and VpreB proteins. We previously showed that galec-
tin-1 (GAL1), produced by bone marrow stromal cells, is a pre-
BCR ligand that induces receptor clustering, leading to efficient
pre-BII cell proliferation and differentiation. GAL1 interacts
with the pre-BCR via the unique region of �5 (�5-UR). Here, we
investigated the solution structure of a minimal �5-UR motif
that interacts with GAL1. Thismotif adopts a stable helical con-
formation that docks onto a GAL1 hydrophobic surface adja-
cent to its carbohydrate binding site. We identified key hydro-
phobic residues from the �5-UR as crucial for the interaction
with GAL1 and for pre-BCR clustering. These residues involved
in GAL1-induced pre-BCR activation are different from those
essential for autonomous receptor activation. Overall, our

results indicate that constitutive and ligand-induced pre-BCR
activation could occur in a complementary manner.

B cell differentiation in the bonemarrow is a highly regulated
process. At the pre-BII cell stage, newly generated IgH chains
are probed for their ability to interact with surrogate light
chains (SLC)4 and formapre-B cell receptor (pre-BCR) thatwill
be expressed at the cell surface (1). The expression of the pre-
BCR by pre-BII cells constitutes a critical checkpoint because it
controls pre-BII cell proliferation and differentiation (2) and
mediates the selection of the Ig� chain repertoire (3), leading to
the counterselection of autoreactive Ig� chains (4). Inmice and
humans,mutations in the genes encoding this receptor result in
immunodeficiency, leukemia, and autoimmunity.
The pre-BCR is composed of two Ig� chains, two SLC and

the CD79a/b signaling molecules. The crystal structure of the
SLC, composed of the�5 andVpreB invariant proteins, exhibits
a structure similar to the IgL chain (5). The individuality of �5
and VpreB is contained within their N and C terminus regions,
respectively, and they are termed unique regions (URs) because
they share no sequence similarity to knownproteins.Whereas a
portion of the structure of the VpreB-UR 24 amino acids has
been solved, no structural data are available for the 52 amino
acids forming the �5-UR (5). Several functional studies have
shown that the �5-UR is essential for pre-BCR activation and
function (6–9).
It was first thought that surface expression and co-aggrega-

tion of the pre-BCR at the cell surface were sufficient to induce
pre-BII cell proliferation and differentiation toward immature
B cells (9, 10). However, we reported the formation of an
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immune developmental synapse between stromal and pre-BII
cells where the pre-BCRs relocalize at the cell contact zone,
leading to pre-BCR activation and the proliferation and differ-
entiation of pre-BII cells (7, 8, 11). In humans and mice, the
formation of the immune synapse takes place through a net-
work of interactions involving galectin-1 (GAL1). During syn-
apse formation, GAL1 binds to the �5-UR through a protein/
protein interaction and to glycosylated integrins on stromal
and pre-BII cells via protein/carbohydrate interactions (8, 11).
Consistent with the involvement of GAL1 in pre-BCR relocal-
ization and signaling, GAL1-deficientmice have a defect in pre-
BII cell differentiation and proliferation (7). Moreover, GAL1-
expressing stromal cells constitute a specific cellular niche for
normal pre-BII cells in the bone marrow (12).
GAL1 is a member of the galectin family, which is composed

of 15 structurally related proteins with an affinity for �-galac-
tosides (13). They are defined as a shared consensus of amino
acid sequence and by their carbohydrate recognition domain
(CRD) responsible for �-galactoside binding (14). The carbo-
hydrate binding site (CBS) delineates the CRD pocket where
carbohydrates interact. All CRDs possess a remarkably similar
fold that is composed of two antiparallel �-sheets of five and six
�-strands, arranged in a �-sheet sandwichmotif with a jelly roll
topology (13–15). GAL1 is implicated in a wide range of biolog-
ical activities including cell cycle regulation, adhesion, prolifer-
ation, and apoptosis (13). Most of the structural studies have
focused on GAL1/�-galactoside interaction, but GAL1 protein
partners have also been identified (13). These proteins interact
in a carbohydrate-independent manner with GAL1, but no
detailed structural data on these interactions have been
reported yet.
Given the major impact of GAL1 on pre-BII cell develop-

ment, it is essential to understand the molecular basis for the
GAL1/pre-BCR interaction and to know how pre-BCR relocal-
ization is influenced by this interaction. We now report NMR
investigations that reveal the helical structure of the �5-UR
central region and the structural basis of GAL1/�5-UR interac-
tions that are essential for synapse formation between pre-B
and stromal cells.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of GAL1 Proteins and
�5-UR Domains; �5-UR22–45 Peptide Production—The human
GAL1 gene sequence was cloned as described previously (11).
The oligonucleotides used for this study are listed in supple-
mental Table S1. The GAL1 mutants were generated using the
QuikChange� Site-directed Mutagenesis kit (Stratagene). The
production and purification of the GAL1 proteins were per-
formed as described previously (16). For the production of 15N-
or 15N- and 13C-labeled proteins, the cells were grown in M9
minimal medium supplemented with 1 g/liter 15NH4Cl and 2
g/liter D-[13C]glucose when needed as the sole nitrogen and
carbon sources, respectively. The protein production was
induced using 1 mM isopropyl-�-D-thiogalactopyranoside
when theA600 of the cell culture reached 0.7, and the cells were
incubated at 37 °C for 3 h and were collected by centrifugation.
The unlabeled proteins were produced using the samemethod,
except that LB was used as the culture medium.

For the NMR studies, the gene encoding the human �5-UR
domain was cloned into a modified pET28a vector (Novagen),
which contained an N-terminal His6 tag fused to a lipoyl
domain (17), followed by a tobacco etch virus cleavage site. For
the purification of the �5-UR, the cells were disrupted using a
French press, and the resulting supernatant was clarified by
centrifugation at 125,000 � g. The clarified supernatant was
applied to a 5-ml HisTrapTM HP column (GE Healthcare) in
accordance with themanufacturer’s instructions. After elution,
the lipoyl domainwas removed from the�5-URby tobacco etch
virus protease digestion. The digestionmixturewas applied to a
HisTrapTM HP column. The flow-through containing the
cleaved�5-URwas concentrated in anAmicon (Millipore) con-
centrator, and the samples were applied to a SuperdexTM 75
(10/300GL) gel filtration column (GE Healthcare). The buffer
used in the gel filtration experiments was 20 mM sodium phos-
phate (pH 5.2) (NMR buffer). The chromatographic purifica-
tions were performed using the ÄKTA PrimePlus purification
system (GE Healthcare).
For the pre-BCR relocalization assays, the gene sequences of

theWTandmutant �5-URwere cloned as described previously
(7) to generate proteins fused to aGST tag. The production and
purification of the humanHis-�5-UR-GSTwere described pre-
viously (7). The recombinant proteins were expressed in the
BL21-RP strain (Stratagene). The cells were disrupted using a
French press, and the resulting supernatant was clarified by
centrifugation at 125,000 � g. The clarified supernatant was
purified on glutathione-Sepharose 4B (GE Healthcare) in
accordance with the manufacturer’s instructions.
The purity and integrity of all proteins were analyzed by

SDS-PAGE. The �5-UR22–45, �5-UR22–45-R27A/R29A, and
�5-UR22–45-L26A/W30A peptides were chemically synthe-
sized and purchased (Schafer-N, Copenhagen, Denmark).
NMR Experiments—The NMR experiments were performed

at 303 K on a Bruker Avance 800 spectrometer equipped with a
TXI cryoprobe, or on a Bruker Avance 600 spectrometer
equipped with a TCI cryoprobe. The NMR samples contained
proteins in 20 mM phosphate buffer (pH 5.2).
The NMR titration was performed using two-dimensional

1H,15N HSQC NMR spectra recorded on 15N-labeled GAL1 at
0.7mM concentration (monomer concentration) in the absence
and in the presence of increasing amount of �5-UR22–45 pep-
tide (0.175, 0.35, 0.525, 0.7, 1mM). The sample buffer contained
20 mMKPO4 (pH 5.2), 100 mMNaCl, 1.4 mM lactose, 10% D2O.
The chemical shift perturbations for each resonance were cal-
culated using the equation

��obs � ����HN
2 � ��N

2/25��1/ 2 (Eq. 1)

where��HN and��N are, respectively, the proton and nitrogen
chemical shifts variation of each residue (18). The dissociation
constant (KD) of GAL1/�5-UR22–45 complex formation was
obtained by plotting the chemical shift changes from four
selected amide cross-peaks (belonging to residues Arg-73, Glu-
74, Asn-102, and Phe-106) against the total concentration of
the �5-UR22–45 peptide. Titration curves were fitted with a sig-
moidal function, and aKDwas determined for each curves. The
final KD value is the average of the four obtained values.
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The lactose binding activity of GAL1 has been determined by
recording 1H,15N HSQC spectra of 0.2 mM 15N-labeled GAL1
after addition of increasing amount of lactose (0.05, 0.1, 0.15,
0.2, 0.25, 0.3, 0.4, 0.8, 2, and 8 mM). These experiments have
been performed either in the absence or in the presence of 3
molar equivalent of �5-UR22–45 (0.6 mM). Chemical shift vari-
ations of His-52 and Trp-68 were calculated using the same
equation as above, and KD values were extracted from the fit of
the titration curves.
Effects of �5-UR mutations on the complex formation were

obtained byNMRchemical shift perturbationmapping on 15N-
GAL1 HSQC spectra in the absence and the presence of
�5-UR22–45 mutated peptides. Effects of GAL1 mutations on
the complex formation were obtained by NMR chemical shift
perturbation mapping performed on mutated 15N-GAL1 pro-
teins in the absence and the presence of �5-UR22–45.

The two-dimensional 1H TOCSY and two-dimensional 1H
NOESY experiments were performed on free �5-UR22–45 for
resonance assignment and structure calculation. The reso-
nance assignments and coordinates of the �5-UR22–45 domain
structure have been deposited in the BioMagResBank (acces-
sion no. 18009) and the Protein Database (PDB ID code 2LKQ),
respectively. The two-dimensional 15N,13C-filtered NOESY
spectra were recorded on the �5-UR22–45/15N,13C-GAL1 sam-
ple at a ratio of 1.25/1 for calculation of the bound �5-UR22–45

structure. The backbone sequential resonances of 15N,13C-la-
beled GAL1 bound to �5-UR22–45 were assigned using
three-dimensional HNCA,HN(CO)CA, CBCA(CO)NH exper-
iments, and side chain resonances were assigned using three-
dimensional HCCH-TOCSY experiments. The intermolecular
NOEs between the �5-UR22–45 and 15N,13C-GAL1 were
obtained using two-dimensional 15N,13C half-filtered NOESY
experiments.
The structures of the free and bound �5-UR22–45 peptides

were calculated using the CYANA software. Next, these struc-
tures were water-refined in a minimization run using the
SANDER module of AMBER 9.0 software (19). The quality of
each structure was assessed using the PROCHECK-NMR pro-
gram (20). The structural model of the complex was calculated
using the HADDOCK program (21).
Immunofluorescence Imaging—The co-cultures of theNalm6

pre-B cells and OP9 stromal cells were performed as described
previously (7), in the presence or the absence of the indicated
His-�5-UR-GST proteins (40 �g/ml). After fixation, the cells
were stained with goat anti-human IgM antibodies (Southern
Biotech) and were visualized using AF555-labeled donkey anti-
goat IgG (Invitrogen) or rabbit anti-GAL1 antiserum (8) and
AF488-labeled goat anti-rabbit IgG (Invitrogen). The cells were
mounted and analyzed on a LSM510Carl Zeiss confocalmicro-
scope. The slides were scanned by differential interferential
contrast imaging, and 100–380 pre-B cells in contact with stro-
mal cells were examined further for their surface fluorescence
distribution. The inhibition of pre-BCR relocalization was cal-
culated as described previously (7). The S.D. values were calcu-
lated from three independent experiments. The p values were
determined using the Mann-Whitney unpaired test with a risk
of 5%, n.s � not significant; *, p � 0.05; **, p � 0.01; ***, p �
0.001.

RESULTS

The �5-UR22–45 Fragment Contains the Determinants
Required for GAL1 Binding—We have shown previously that
the GAL1-interacting site on the pre-BCR is located within the
�5-UR domain (7, 8). The theoretical predictions (supplemen-
tal Fig. S1 and Ref. 22) indicate that the full-length �5-UR (45
amino acids from Ser-8 to Ser-52) contains a potential short
�-helix in its middle region (Ser-28 to Arg-37) whereas the rest
of the domain is unfolded (supplemental Fig. S1C). In agree-
ment, the �5-UR CD spectrum (supplemental Fig. S1D) exhib-
its aweak shoulder in the 209–222-nmregion corresponding to
helical structures, and a strong negative band near 200 nm rep-
resents random coil conformations. This type of spectrum is
typical of proteins having a low level of �-helical structures.

To investigate whether this potential small helical region of
�5-UR constitutes a sufficient binding epitope for GAL1, a
24-mer peptide covering amino acids 22–45 (�5-UR22–45) was
chemically synthesized and tested for binding to GAL1 using
NMR spectroscopy. An NMR titration was performed by
recording two-dimensional 1H,15N HSQC spectra of the 15N-
labeled GAL1 bound to lactose in the absence and the presence
of increasing amount of the �5-UR22–45 peptide (Fig. 1A). We
monitored the perturbations in the NMR signal of the 15N-
GAL1 homodimer (28 kDa), making use of the previously pub-
lished resonance assignment of human GAL1 bound to lactose
(23). Significant variations were observed implying that a spe-
cific interaction occurred. The binding was in the fast exchange
regime on the NMR chemical shift time scale and indicated a
1:1 complex stoichiometry (one �5-UR/GAL1 monomer).
Chemical shift perturbations (Fig. 1B) of four GAL1 residues
(Arg-73, Glu-74, Asp-102, Phe-106) chosen among the peaks
experiencing the largest variations were plotted against
�5-UR22–45 concentration (Fig. 1C). The average KD value
derived from the fit of the curves corresponds to 310 � 65 �M.
Upon �5-UR22–45 binding, GAL1 residues experiencing sig-

nificant chemical shift displacements are localized in the CBS
(including strands �3, �4, and �5) and on a surface adjacent to
this region (including strands �6, �7, and �9) (Fig. 1, D and E).
The same regions of GAL1, localized at its side and back face,
undergo chemical shift variations upon �5-UR22–45 addition in
the absence of lactose (Fig. 2, A and B, and supplemental Fig.
S2A). These observations indicate that �5-UR22–45 uses the
same mode of binding to GAL1 in the absence and in the pres-
ence of lactose.
The same chemical shift perturbation mapping experiment

was performed using 15N-labeled GAL1 and the full-length
�5-UR instead of the �5-UR22–45 peptide (Fig. 2C and supple-
mental Fig. S2B). Once again, similar effectswere observedwith
the same regions of GAL1 experiencing changes upon �5-UR
binding (compare Fig. 2,CwithA). This result indicates that the
�5-UR22–45 fragment uses the same mode of binding to GAL1
as the full-length �5-UR and therefore contains the sequence
and structure determinants required for GAL1 binding.
The �5-UR22–45 Contains an �-Helix Structure in Solution

and in Complex with GAL1—To verify the presence of an
�-helical structure within �5-UR22–45, first we solved the solu-
tion structure of the free �5-UR22–45 peptide using homo-
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nuclear NMR spectroscopy. Using the CYANA software and
based on 231 distance restraints amongwhich 49 weremedium
range (supplemental Fig. S3A), 100 structures were calculated,
and the 20 lowest energy structures are shown in Fig. 3A. The
structural statistics (supplemental Table S2) demonstrate awell

defined structure with low pairwise rootmean square deviation
values of 1.3 � 0.08 Å (0.89 � 0.07 Å for residues 25–41). The
structure of the free �5-UR22–45 peptide reveals the presence of
a short 10-amino acid �-helix (from residues Arg-29 to Ser-39)
among the 24 residues of the peptide (Fig. 3A), whereas the N-
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and C-terminal residues flanking the helix are not structured in
agreement with the theoretical predictions (supplemental Fig.
S1C) (6).
The structure of the �5-UR22–45 peptide bound toGAL1was

then investigated using a 15N,13C-filtered NOESY spectrum

recorded on the �5-UR22–45/15N,13C-labeled GAL1 sample. In
this experiment, only the resonances belonging to the unla-
beled protein (i.e. �5-UR22–45) are detected. After proton reso-
nances assignment, NOE-derived distance restraints were col-
lected (supplemental Fig. S3B and supplemental Table S2). The
structure calculations performed confirmed the existence of
the helix when �5-UR22–45 is bound to GAL1 (Fig. 3B) as illus-
trated by the conservation of the helix-forming restraints (Fig.
3C). Thus, a short �-helix within the �5-UR22–45 preexists in
solution and its structure is conserved upon binding to GAL1.
We next investigated whether this helix plays a crucial role in
GAL1 binding.

�5-UR22–45 Binds to GAL1 on a Surface Close to the CBS and
Induces Changes in GAL1 Lactose Binding Activity—To gain
further insight into the possible modes of interaction of the
�5-UR22–45 peptide with GAL1, a structural model of the com-
plex was calculated using the HADDOCK program (21). We
used the 10 bestNMR structures of the�5-UR22–45 peptide and
the lowest energy NMR structure of the human GAL1 (24). On
the basis of the �5-UR22–45 peptide and GAL1 resonance
assignments that we performed on the complexed forms, 10
intermolecular NOE restraints have been assigned in the
15N,13Chalf-filteredNOESY spectrum recorded on the 15N,13C
GAL1/�5-UR22–45 complex (supplemental Fig. S4). These
intermolecular NOE restraints have been used to restrain the
dockings. The GAL1/�5-UR22–45 complex was a good candi-
date for this structure calculation strategy because neither pro-
tein undergoes large scale conformational changes upon com-
plex formation as seen by the limited extent of chemical shift
perturbations (Fig. 1D). The docking calculations yielded a
dominant cluster of 182 solutions of the 200 solutions obtained.
The structural model (Fig. 4A) shows that the �5-UR22–45

peptide binds to a surface localized at the interface between the
two GAL1 �-sheets near the CBS (Fig. 4B). This surface corre-
sponds to the area adjacent to theCBShighlighted by the chem-
ical shift perturbation mapping (Fig. 1E, orange surface). The
close proximity of the CBS and of the �5-UR22–45 interacting
surface on GAL1 led us to investigate the lactose binding activ-
ity of GAL1 in the absence and in the presence of �5-UR22–45

peptide, using NMR chemical shift perturbations. As shown in
the 1H,15N HSQC spectra (Fig. 5, A and B), chemical shift vari-
ations upon lactose addition are significantly modified when
�5-UR22–45 is present. This result indicates that lactose affinity
for GAL1 is significantly reduced when GAL1 is bound to
�5-UR22–45. To illustrate these changes we focused on two
GAL1 residues involved in key interactions with lactose, His-
52, and Trp-68 (Fig. 5C). Both titration curves show lower
chemical shift variations in the presence of �5-UR22–45. KD
evaluations in these experimental conditions led to a value of

FIGURE 1. NMR titration of GAL1/�5-UR22– 45 interaction. A, 1H,15N HSQC spectra of 15N-labeled GAL1 (0.7 mM) in the absence (black) and in the presence of
unlabeled �5-UR22– 45 peptide at a concentration of 0.175 mM (red), 0.35 mM (green), 0.525 mM (blue), 0.7 mM (violet), 0.875 mM (magenta), and 1 mM (maroon).
Spectra were recorded on a 600-MHz spectrometer at 303 K in 20 mM KPO4 (pH 5.2), 100 mM NaCl, 1.4 mM lactose, 10% D2O. B, enlarged views of the 1H,15N HSQC
spectra for Arg-73, Glu-74, Asp-102, and Phe-106 peaks. C, plot of the chemical shift variations of Arg-73, Glu-74, Asp-102, and Phe-106 proton amide against
�5-UR22– 45 concentration. Titration curves were fitted with a sigmoidal function. The KD derived from the fit of the curves corresponds to 310 � 65 �M.
D, normalized chemical shift perturbations monitored in 1H,15N HSQC spectra of 15N-labeled GAL1 with a 2 molar excess of lactose following the addition of
�5-UR22– 45 (1 molar equivalent). The plot is color-coded according to the location of the residues (orange, side and back face; pink, CBS). The secondary
structures of GAL1 are shown above the plot. E, GAL1 1H,15N HSQC chemical shift perturbations mapped onto the GAL1 dimer structure bound to lactose (PDB
ID code 1GZW (15)) following the addition of the �5-UR22– 45. The residues exhibiting significant chemical shift variations in the presence of the �5-UR22– 45 are
labeled and colored according to the color code used in D. From left to right, back view, side view.

FIGURE 2. �5-UR22– 45 and �5-UR interaction sites on GAL1. A, normalized
chemical shift perturbations induced upon addition of 1 molar equivalent of
�5-UR22– 45 to 15N-labeled GAL1 in the absence of lactose, as monitored in
1H,15N HSQC spectra (supplemental Fig. S2A). The plot is color-coded accord-
ing to the location of the residues showing the largest variations on GAL1
structure (orange, side and back face; pink, CBS). The secondary structures of
GAL1 are shown above the plot. B, GAL1 chemical shift perturbations upon
addition of �5-UR22– 45 mapped onto the surface representation of the GAL1
dimer structure (PDB ID code 2KM2 (24)). The residues are labeled and color-
coded as in A. A single GAL1 monomer is circled. C, normalized chemical shift
changes induced upon addition of 1 molar equivalent of �5-UR to 15N-labeled
GAL1 (0.1 mM), as monitored in 1H,15N HSQC spectra (supplemental Fig. S2B).
The plot is color-coded as in A.
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0.907� 0.061mM in the absence of the peptide and of 3.7� 0.3
mM in the presence of the peptide. Therefore, peptide binding
to GAL1 induces a 4-fold decrease in the lactose binding activ-
ity of GAL1.
Structural Analysis of the GAL1/�5-UR22–45 Complex High-

lights Hydrophobic and Electrostatic Interactions—As shown in
Fig. 4, B and C, the entire length of the �5-UR22–45 �-helix
(residues Arg-29 to Ser-39) is involved in the direct interaction
with GAL1 in a completely buried surface area of 926.1 Å2.
Although the binding surface is mostly hydrophobic, it is sur-
rounded by a number of charged residues. The GAL1-interact-
ing surface consists primarily of residues from the �9 strand
(Tyr-104, Glu-105, Phe-106, and Lys-107) with a number of
residues from the �6 strand (Glu-74), loop �6–�7 (Val-76),
loop �7–�8 (Asp-102), and loop �9–�10 (Asn-110). The
Trp-30 side chain of the �5-UR22–45 peptide projects toward
the center of the hydrophobic surface presented by GAL1 and
is totally buried. The Trp-30 aromatic ring is surrounded by a
triad of hydrophobic side chains from GAL1 (Val-76, Tyr-104,

and Phe-106) among which the Phe-106 aromatic ring is
directly facing the Trp-30 ring of the �5-UR22–45, thus contrib-
uting strongly to the hydrophobic interactions within the com-
plex (Fig. 4C). Moreover, the additional aliphatic side chains,
such as the Leu-26 of �5-UR22–45, project along the peptide
creating a hydrophobic surface on the helix, which comple-
ments the hydrophobic surface of GAL1 (Fig. 4C). Surprisingly,
despite the high arginine content of the �5-UR22–45 peptide,
only Arg-27 and Arg-29 in the N-terminal part of the
�5-UR22–45 peptide are found engaged in salt bridges with the
Asp-102 and Glu-74 acidic residues of GAL1, respectively (Fig.
4B). These acidic residues are located adjacent to, but on both
sides of, the GAL1 hydrophobic surface (Fig. 4C). Therefore,
these structural data reveal a dual mode for GAL1 binding to
the �5-UR22–45 peptide, which involves both hydrophobic and
electrostatic interactions.
Hydrophobic Interactions Are Essential for Relocalization of

the Pre-BCRat the Pre-B/StromalCell Synapse—The clustering
of pre-BCRs at the surface of the pre-BII cells is a prerequisite to

FIGURE 3. Structure of �5-UR22– 45 free and bound to GAL1. A and B, ensemble of the backbone traces of the 20 superimposed lowest energy NMR structures
of �5-UR22– 45 (A) and of �5-UR22– 45 bound to GAL1 (B). C, superimposition of regions extracted from two-dimensional 1H NOESY spectra recorded on
�5-UR22– 45 (red spectrum) and two-dimensional 13C,15N-filtered NOESY recorded on 13C,15N-GAL1 complexed to �5-UR22– 45 (black spectrum). Some correla-
tions indicative of a �-helix conformation are labeled. Left panel zooms on an amide proton region; right panel presents some proton amide/�-proton
correlations.
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their activation, leading to the trans-phosphorylation of the
Ig�/� molecules. Receptor clustering may occur in an autono-
mous manner (9) and/or may be induced by the bone marrow
microenvironment through the GAL1/pre-BCR interaction,
leading to pre-BCR relocalization (8). Based on the structural
model of theGAL1/�5-UR22–45 complex, we tested at a cellular
level the contribution of hydrophobic and electrostatic interac-
tions on the pre-BCR relocalization process using full-length
�5-UR and two double �5-UR mutants (�5-UR-L26A/W30A
and �5-UR-R27A/R29A). The pre-B cells were co-cultured
with stromal cells, and pre-BCR and GAL1 clustering was

observed at the pre-B/stromal cell contact site using confocal
microscopy (Fig. 6A). As reported previously, the addition of
the full-length �5-UR into co-cultures inhibits the relocaliza-
tion process by 25% (7). In contrast, the addition of the �5-UR-
L26A/W30A mutant has no effect on the pre-BCR relocaliza-
tion process compared with the native �5-UR (Fig. 6B). This
result is significant (p value � 0.018), implying that hydropho-

FIGURE 4. Structural model of the �5-UR22– 45/GAL1 complex. A, represen-
tation of the lowest energy structure of GAL1 bound to �5-UR22– 45. GAL1 is
displayed as a semitransparent solvent-accessible surface with a ribbon model
displayed below the surface. The GAL1 dimer is colored gray, and �5-UR22– 45

is colored in red ribbon. B, ribbon view of the �5-UR22– 45/GAL1 complex with
the side chains of the contacting residues shown and labeled. The GAL1
hydrophobic and acidic contacting residues are colored green and orange,
respectively. The �5-UR22– 45 residues are colored red, and the electrostatic
interactions are represented as dashed lines. C, magnification of the GAL1
interaction surface (same orientation as in B) highlighting the hydrophobic
(green) and electrostatic (orange) residues contacting the �5-UR22– 45. The
mutated residues are labeled.

FIGURE 5. Lactose binding activity of GAL1 free and bound to �5-UR22– 45.
A and B, 1H,15N HSQC spectra of 15N-labeled GAL1 (0.2 mM concentration)
upon addition of increasing amount of lactose in the absence (A) and in the
presence (B) of 3 molar equivalent of �5-UR22– 45. Spectra were recorded with
0 (black), 0.05 (skyblue), 0.1 (magenta), 0.15 (navy), 0.2 (red), 0.25 (lime), 0.3
(maroon), 0.4 (cyan), 0.8 (orange), 2 (dark gray), and 8 (pink) mM lactose. C, lac-
tose titration curves in the absence (E) and in the presence (F) of �5-UR22– 45

for His-52 and Trp-68 are shown. Chemical shift variations differences are
plotted against lactose concentration.
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bic residues are crucial for the pre-BCR relocalization. Surpris-
ingly, pre-BCR relocalization in the presence of the �5-UR-
R27A/R29A mutant is not significantly diminished (Fig. 6B).
These results suggest that the charged and the hydrophobic
residues tested have not the same contribution on the relocal-
ization process.
To evaluate at amolecular level the importance of the hydro-

phobic and electrostatic interactions, the effect of replacing
the interacting residues on the formation of the complex was
tested using NMR (supplemental Figs. S5 and S6). To target
the hydrophobic core of the complex, we used two comple-
mentary mutants, GAL1-Y104A/F106A and �5-UR22–45-
L26A/W30A. The effect of the hydrophobic substitutions
was significant, resulting in a strong impairment of the com-
plex formation (supplemental Fig. S6, B and C). We also
targeted the two electrostatic contacts participating in the
complex formation using the GAL1-E74A/D102A and the
�5-UR22–45-R27A/R29A mutants. These mutations had a
lesser effect on the complex formation (supplemental Fig.
S6, D and E), as suggested by the results from the pre-BCR
relocalization assays (Fig. 6B). Therefore, the pre-BCR relo-
calization and the NMR experiments show that the GAL1/
pre-BCR complex formation and the GAL1-induced pre-
BCR relocalization are hydrophobically driven with a minor
contribution from electrostatic contacts.

DISCUSSION

We have identified a minimal GAL1-interacting region
within the 45 residues of the full-length �5-UR. One important
finding of our study is that the central region (residues 29–39)
adopts a stable helical conformation, which preexists in solu-
tion prior binding to GAL1 (Fig. 3). It is so far the first detailed
structural information about the �5-UR. Structural data of the
humanGAL1 in complexwith�5-UR22–45 (Fig. 4) revealed that
the central feature of the binding is the involvement of the
�5-UR22–45 �-helix over its entire length in the interactionwith
the GAL1 binding surface. Complex formation is mainly medi-
ated by hydrophobic residues present on both partners and, at a
lower extent, by electrostatic contacts involving two arginines
on �5-UR22–45 and two acidic residues onGAL1.Moreover, we
found that the hydrophobic contribution to GAL1/�5 complex
formation is critical for pre-BCR relocalization when pre-B
cells are co-cultured with GAL1� stromal cells (Fig. 6), validat-
ing our structural data in a biological context. These results
represent the first atomic view of a pre-BCR/ligand interaction.
Besides its carbohydrate binding activity, GAL1has also been

described as being engaged in protein interactions in a carbo-
hydrate-independent manner (13). These interactions occur
mainly in the intracellular compartments whereas its carbohy-
drate binding activity is mostly extracellular. So far, the �5 pro-
tein from the pre-BCR is a unique example of a nonglycosylated
protein partner of GAL1 described in the extracellular matrix.
Among the intracellular nonglycosylated partners of GAL1,
actin (25, 26), Gemin4 (27, 28), and Ras (29, 30) involved in a
variety of intracellular functions have been identified. These
proteins do not share consensus amino acid sequence or struc-
tural motifs, and neither the GAL1 sites nor the structural
determinants that are involved in these interactions have been
established yet. In the case of H-Ras/GAL1 interactions, Rot-
balt et al. identified a hydrophobic surface on GAL1 possessing
isoprenoid-binding residues essential for Ras-GTP stabiliza-
tion and its association with the membrane (30). This surface,
which has been proposed to interact with the farnesyl group of
Ras, lies within the GAL1 �-sheet and includes residues Leu-9,
Leu-11, Leu-17, Phe-30, Phe-32 and Ile-128. Thus, �5 interact-
ing surface on GAL1 is different from this proposed Ras farne-
syl binding site.
The other feature revealed by our studies is the close prox-

imity of �5 interacting surface with the CBS on GAL1 (Fig. 4).
During synapse formation, GAL1 has a central role by interact-
ing with the pre-BCR through a protein/protein interaction,
but also with glycosylated counterreceptors through protein-
carbohydrate recognition (8). We have observed that the
absence of lactose has no significant effect on �5-UR22–45 bind-
ing to GAL1 (Fig. 2A). This is in agreement with our previous
observations that there is no direct competition of SLC and
carbohydrates for GAL1 binding (8) and that GAL1 is able to
interact at the same time with �5 (protein/protein interaction)
and with integrins (protein/carbohydrate interaction) during
synapse formation (11). On the other hand, we have shown that
�5-UR22–45 binding to GAL1 induces a 4-fold decrease in the
lactose binding activity of GAL1 (Fig. 5). Moreover, some resi-
dues belonging to GAL1 CBS undergo chemical shift variations

FIGURE 6. Analysis of pre-BCR relocalization. A, Nalm6 pre-B cells were co-
cultured on OP9 stromal cells and were analyzed using confocal microscopy.
The differential interferential contrast (DIC) image shows fixed pre-B/stromal
cell conjugates. The staining was performed using goat anti-human IgM (red)
and rabbit anti-GAL1 AS (green) antibodies. The red and the white stars indi-
cate cells with a relocalized and a nonrelocalized pre-BCR, respectively.
B, inhibition of pre-BCR relocalization in the presence of the �5-UR and of the
two �5-UR mutants is shown. Three Independent experiments were per-
formed, and the data are expressed as the percentage of inhibition of pre-BCR
relocalization � S.D. (error bars). Pre-BCR relocalization was inhibited 25% in
the presence of recombinant �5-UR. Similar inhibition levels have been
reported (7) and were highly significant (p value � 0.008, data not shown).
*, p � 0.018 between �5-UR and �5-UR-L26A/W30A and ns (not significant)
between �5-UR and �5-UR-R27A/R29A (p � 0.07) and between �5-UR-L26A/
W30A and �5-UR-R27A/R29A (p � 0.06).
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upon �5-UR22–45 binding to GAL1 (Figs. 1D and 2A), suggest-
ing modifications of the CBS upon �5 binding.

Another known example of a GAL1/peptide interaction is
the binding of the nonnatural peptide Anginex (31). This pep-
tide is a powerful antiangiogenic molecule with antitumor
activity because it blocks adhesion and migration of activated
endothelial cells thus preventing angiogenesis in vitro and in
vivo (31–33). Recent studies (34) have shown that binding of
Anginex to GAL1 greatly enhances the affinity of GAL1 for
certain ligands, including biologically relevant glycoproteins.
Moreover, a topomimetic of Anginex has been shown to be an
allosteric inhibitor of GAL1 lactose binding while interacting
with a surface of GAL1 located on the back face of the protein
(35). This implies that Anginex could have opposite effect on
GAL1 depending on the carbohydrate substrate tested. In our
system, the exact oligosaccharide ligands of GAL1 at the cell
surface of stromal and pre-BII cells have not been identified.
Thus, it is not excluded that �5-UR could have an effect similar
to that of Anginex onGAL1 at the synapse. Indeed, modulation
of GAL1 affinity for specific glycoproteins, either enhanced or
reduced, could be a strategic step at the synapse level to modify
the cross-linked lattices. Thesemodifications of the interacting
network could be crucial during pre-BCR oligomerization and
subsequent receptor internalization.
The sequence analysis emphasizes that the GAL1 hydropho-

bic and charged amino acids involved in the �5 interacting site
are highly conserved among species (supplemental Fig. S7).
Similarly, the human and primate �5 sequences are well con-
served, although differences in the rat and mouse sequences
exist (Fig. 7A). Themain difference observed is the replacement

in rat and mouse of the human Arg-27 and Arg-29 by Trp and
Leu hydrophobic residues, respectively, thus enhancing the
hydrophobic interacting potential of this region. Moreover, we
have shown that these two arginines are not critical for pre-
BCR relocalization (Fig. 6).
Previous studies inmice revealed a crucial role for conserved

�5-UR arginines (Arg-9, Arg-11, Arg-23, Arg-32, Arg-39, Arg-
44, and Arg-49) in the autonomous pre-BCR oligomerization
(9). Indeed, deletion of full-length �5-UR or mutations of these
conserved arginines led to an increase in pre-BCR cell surface
expression and to a decrease in pre-BCR clustering and inter-
nalization. Here, the GAL1/�5-UR22–45 complex clearly shows
that Arg-23, Arg-32, and Arg-44 are not facing the GAL1 inter-
acting surface, but in contrast to the �5-UR22–45 residues delin-
eating the hydrophobic interacting surface, they are solvent-
exposed (Fig. 7B). Our data indicate that from a structural point
of view, autonomous andGAL1-induced pre-BCRoligomeriza-
tions do not involve the same set of residues; these processes
are therefore not in competition and could instead be com-
plementary. However, it remains unclear under which con-
ditions during pre-BII cell differentiation and/or selection of
the VH repertoire a unique activationmode or a combination
of both modes is required. A hypothesis could be that con-
stitutive pre-BCR activation which has been recently shown
to be very low (36) is helped by the stromal-derived GAL1,
hence strengthening the pre-BCR oligomerization leading to
synapse formation and optimal pre-BCR activation. The
requirement of GAL1 could be linked to the level of pre-BCR
surface expression. In the case of a low pre-BCR surface
expression, as is mainly the case for normal pre-BII cells in

FIGURE 7. Sequence and structural analysis of �5-UR. A, conserved residues of the �5-UR sequence in various species are shown in the red boxes. Above the
sequences, the residues involved in the GAL1 interaction are labeled with red dots; below the sequences, the �5-UR arginines involved in autonomous pre-BCR
oligomerization are labeled with blue dots (9). B, bound �5-UR22– 45 structure shows �5-UR22– 45 residues interacting with GAL1 colored red, the conserved
arginines involved in autonomous pre-BCR oligomerization are colored blue, GAL1 hydrophobic residues are labeled in green, and electrostatic residues are in
orange.
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vivo, GAL1-induced signaling would be required to amplify
pre-BCR functions, whereas in the case of a high receptor
expression, GAL1 could not be necessary for pre-BCR olig-
omerization. These studies provide the first molecular snap-
shot of a pre-BCR/ligand interaction that promotes pre-BCR
clustering leading to pre-BCR activation.
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10. Meixlsperger, S., Köhler, F., Wossning, T., Reppel, M., Müschen, M., and
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SUPPLEMENTAL DATA 

Table S1. Primers used for the constructions of recombinant GAL1 and λ5 mutants 

 Sense primer (5’ to 3’) Anti-sense primer (5’ to 3’) 

 

   

GAL1 mutants   

GAL1-E74A ccgagcagcgggcggctgtctttcc ggaaagacagccgcccgctgctcgg 

GAL1-D102A gaccgtcaagctgccagcgggatacgaattcaagttc  gaacttgaattcgtatcccgctggcagcttgacggtc 

GAL1-Y104A-F106A cagatggagccgaagccaagttccccaac gttggggaacttggcttcggctccatctg  

   

λ5-UR-WT (for pET28a cloning) aaaggatcctcgcagagcaggg aaactcgagtcattaatgcgtcactgagttatg 

   

λ5-UR-GST mutants   

λ5-UR-L26A-W30A-GST ccggtccagcgcgaggagccgggcgggcaggttc gaacctgcccgcccggctcctcgcgctggaccgg 

λ5-UR-R27A-R29A-GST ccggtccagcctggcgagcgcgtggggcaggttc gaacctgccccacgcgctcgccaggctggaccgg 

   

 



 

Table S2. NMR statistics for the λ5-UR22-45 structures 

 Free GAL1-bound 
Total NOE distance limits 231 318 
    Short-range, |i-j|<=1                         182 251 
    Medium-range, 1<|i-j|<5                49 60 
    Long-range, |i-j|>=5                     0 7 
 
Violations (mean ± sd) 

  

    Number of distance violations >0.5 Å 2 6 
    Max. distance constraint violation (Å)  0.66 1.4 
 
Ramachandran statistics 

  

   Most favorable regions (%)  72.7 48.2 
   Additional allowed regions (%)  22.7 46.1 
   Generously allowed regions (%)  4.5 5.1 
   Disallowed regions (%)  0.0 0.6 
 
Average pairwise rmsd (Å) for residues 25-41

  

   Heavy (to mean)  0.89 ± 0.07 
(2.0 Å for all residues) 

0.93 ± 0.11 
(2.2 Å for all residues) 

   Backbone (to mean)  0.17 ± 0.07 
(1.3 Å for all residues) 

0.58 ± 0.13 
(1.7 Å for all residues) 

 



 
 

SUPPLEMENTAL FIGURE LEGENDS 

Figure S1: (A) Schematic representation of the different regions of the human λ5 protein. (B) 

Amino acid sequence of the λ5-UR used in this study is shown below. The protein numbering is 

as found in the UniProtKB database under the accession code P15814. Previous studies identified 

the first residue of the mature protein as Ser 8 (1). (C) The theoretical prediction of helical 

percentage for λ5-UR as a function of residue number was performed using the AGADIR 

algorithm (2). (D) Circular dichroism spectrum of λ5-UR. Circular dichroism (CD) spectra were 

recorded on a Jasco 815 CD spectrometer using 2 mm path length quartz cells in PBS 1X at 20 

°C. CD spectra were measured from 260 to 190 nm and were averaged from four scans. 

Figure S2: 1H-15N HSQC spectra of 15N-labelled GAL1 (0.3 mM) free of lactose, in the absence 

(black peaks) and the presence of 1 molar equivalent of (A) λ5-UR22-45 peptide (red peaks) and 

(B) full-length λ5-UR (pink peaks). 

Figure S3: Sequential nOes extracted from NOESY spectra for (A) the free λ5-UR22-45 

peptide and (B) for the GAL1-bound λ5-UR22-45 peptide. 

Figure S4: Intermolecular nOes within the GAL1/λ5-UR22-45 complex. Comparison of 

regions extracted from 2D 15N,13C – filtered NOESY (black peaks) and 2D 15N,13C – half-

filtered NOESY (red peaks) spectra recorded on the 15N,13C – GAL1/λ5-UR22-45 sample. In the 

2D 15N,13C-filtered NOESY spectrum, only the intramolecular correlations of the unlabelled λ5-

UR22-45  are detected whereas in the 2D 15N,13C – half-filtered NOESY spectrum  intramolecular 

correlations within the λ5-UR22-45 and intermolecular correlations between λ5-UR22-45 and the 

labeled 15N-13C-GAL1 are detected. Overlay of both spectra thus highlights the intermolecular 

correlations. On the basis of the λ5-UR22-45 peptide and GAL1 resonance assignments that we 



performed on the complexed forms, 10 intermolecular nOe restraints have been assigned in the 

half-filtered NOESY spectra recorded on 15N-13C-GAL1/λ5-UR22-45 complex. Eight of the ten 

intermolecular nOe correlations between GAL1 and λ5-UR22-45 used for structure 

calculations of the complex are annotated (primed number correspond to λ5-UR22-45 

resonances). Sample concentrations were 0.7 mM for the GAL1 monomer with the λ5-

UR22-45 peptide added up to a final concentration of 0.88 mM. 

Figure S5: 1H-15N HSQC spectra of 15N-labeled GAL1-wt (A), 15N-GAL1-Y104A-F106A (B), 

and 15N-GAL1-E74A-D102A (C) in the presence of 2 molar excess of λ5-UR22-45 are shown. 1H-

15N HSQC spectra of 15N-labeled GAL1-wt in the presence of 2 molar excess λ5-UR22-45-L26A-

W30A or λ5-UR22-45-R27A-R29A are shown in (D) and (E), respectively. 

Figure S6: (A) Chemical shift variations of 15N-labelled GAL1 in the presence of λ5-UR22-45 

(same as in Fig. 2A) are shown. Chemical shift variations of 15N-labelled GAL1-Y104A-F106A, 

and GAL1-E74A-D102A in the presence of 2 molar excess of λ5-UR22-45 are shown in (B) and 

(D), respectively. Chemical shift variations of 15N-labelled GAL1 in the presence of 2 molar 

excess of λ5-UR22-45-L26A-W30A and λ5-UR22-45-R27A-R29A are shown in (C) and (E), 

respectively. For each experiment, the corresponding chemical shift variation plot is shown as 

grey bars. For GAL1 mutants, grey stars indicate the residues with missing NH peaks, and red 

stars represent the mutation location. The plots are color-coded according to the location of the 

residues on GAL1, as shown in Fig. 2. 

Figure S7: (A) Alignment of GAL1 sequences from different species. The numbering 

corresponds to the human GAL1 sequence. The secondary structures of human GAL1 are shown 

above the sequences. (B) Sequence conservation of GAL1 mapped onto the GAL1 surface was 

calculated using the ConSurf server (http://consurf.tau.ac.il/). Delineation of the λ5-UR22-45-

interacting surface is represented by a dashed line. 
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