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Abstract—The specific interaction of ganglioside GM1 with the homodimeric (prototype) endogenous lectin galectin-1 trig-
gers growth regulation in tumor and activated effector T cells. This proven biorelevance directed interest to studying asso-
ciation of the lectin to a model surface, i.e. a 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine/ganglioside GM1
(80 : 20 mol%) monolayer, at a bioeffective concentration. Surface expansion by the lectin insertion was detected at a sur-
face pressure of 20 mN/m. On combining the methods of grazing incidence X-ray diffraction and X-ray reflectivity, a tran-
sient decrease in lipid-ordered phase of the monolayer was observed. The measured electron density distribution indicated
that galectin-1 is oriented with its long axis in the surface plane, ideal for cis-crosslinking. The data reveal a conspicuous dif-
ference to the way the pentameric lectin part of the cholera toxin, another GM 1-specific lectin, is bound to the monolayer.
They also encourage further efforts to monitor effects of structurally different members of the galectin family such as the

functionally antagonistic chimera-type galectin-3.
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Cell surface gangliosides are receiving increasing
attention due to their emerging spectrum of functions,
for example as constituents of microdomains within the
plasma membrane and as contact site for carbohydrate
receptors (lectins) such as the pentameric lectin part of
the cholera toxin (Ctx) [1-4]. Recently, ganglioside
GM1, the Ctx counter-receptor, has been identified as a
physiological target for human adhesion/growth-regula-
tory galectins, a family of tissue lectins that share the [3-
sandwich fold and a sequence signature with a central

Abbreviations: Ctx, cholera toxin pentamer; DPPE, 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine; Gal,
galectin; GIXD, grazing incidence X-ray diffraction; LC phase,
lipid-condensed phase; PSD, position-sensitive detector; XR,
X-ray reflectivity.
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tryptophan residue for ligand contact [5-8]. The pen-
tasaccharide of GM1 is a branched structure (Fig. 1b).
Binding to galectins involves both branches, the lectin
accommodating a conformer of the glycan different from
the Ctx-bound structure [9, 10]. To quantitate stability of
complexes with glycans, atomic force microscopy was
applied. The dissociation kinetics under force for com-
plexes of the prototype (homodimeric) galectin-1 (Gal-
1) and common ligands (lactose, asialofetuin) is compat-
ible with a role in transient frams-bridging and cis-
crosslinking [11]. Functionally, Gal-1 exerts growth con-
trol via GM1 binding on human neuroblastoma (SK-N-
MC) cells and on activated T effector cells in vitro [12-
16]. In both cases, GM1 is made available enzymatically
by a sialidase from its precursor GDla. As reported for
bacterial AB; toxins and their entry into cells [17, 18],
association with the ganglioside is also involved in rapid
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internalization of Gal-1 measured in T leukemic (Jurkat)
cells [19]. Interestingly, pentameric GM 1-specific bacte-
rial lectins also appear to ameliorate autoimmune disor-
ders in animal models [20-22]. However, membrane
reactivity to Ctx and the human lectin will not necessar-
ily cause the same post-binding mechanisms: only the
human lectin is a growth regulator for the neuroblastoma
cells [23]. This functional difference gives reason to
assume that topological aspects of the complexes are dif-
ferent, prompting us to initiate the analysis of galectin
binding to a GM1-containing model surface at a bioef-
fective concentration.
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Fig. 1. Structures of the (glyco)sphingolipids DPPE (a) and GM 1
(b), the constituents of the lipid film.
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In addition to the impact on proliferation as well as
cellular uptake and routing, the study of Gal-1 associa-
tion to the surface of trypsinized erythrocytes had
revealed an alteration of membrane fluidity and
osmofragility [24]. This effect may depend on a change in
the quaternary structure of Gal-1 upon entering the
hydrophobic environment. Of note, in an aprotic solvent
(i.e. dimethyl sulfoxide) the lectin had been demonstrat-
ed to form a dimer of two homodimers with cylindrical
shape [25]. Collectively, this evidence led us to start our
study with examining the possibility of an insertion of this
potent effector protein into a lipid monolayer.

MATERIALS AND METHODS

Materials. 1,2-Dihexadecanoyl-sn-glycero-3-phos-
phoethanolamine (DPPE) and ganglioside GM1 (brain,
ovine-ammonium salt, powder) were purchased from
Avanti Polar Lipids (USA) and used without further
purification (for structures, see Fig. 1). Stock solutions of
each (glyco)sphingolipid (~5 mg/ml) were first prepared
in chloroform containing 9% (v/v) methanol and 1%
(v/v) water. Lipid monolayer-spreading solutions
(0.3 mg/ml) containing 80 mol% DPPE and 20 mol%
GM1 (8 : 2 DPPE/GM1) were then prepared and stored
at —20°C in glass vials until use. Human Gal-1 was
obtained by recombinant production, purified by affinity
chromatography as crucial step, and rigorously controlled
for purity (by two-dimensional gel electrophoresis and
mass-spectrometric fingerprinting) and for bioactivity (by
hemagglutination and assays measuring growth inhibi-
tion) [12, 26-28].

Constant-pressure insertion assay with lipid monolay-
er. Assays to determine insertion of the protein into the
monolayer at the air/buffer interface under constant sur-
face pressure were carried out in a Langmuir trough at the
BW1 (undulator) beam line of the HASYLAB synchro-
tron source (Germany) as described previously [29]. The
scheme of the experimental setup of the constant-pres-
sure protein insertion assay and its course is shown in
Fig. 2. The temperature-controlled trough at the dedicat-
ed liquid surface diffractometer was equipped with a
Wilhelmy plate balance that measures surface pressure at
the air/buffer interface and a movable hydrophobic
Teflon barrier that controls the trough surface area. The
trough was first filled with approximately 240 ml of sub-
phase buffer (20 mM phosphate-buffered saline (PBS) at
pH 7.2 containing 16.2 mM Na,HPO,, 4 mM KH,PO,,
154 mM NacCl, and 1% NaN;) at 20°C. A solution of
mixed lipids (8 : 2 DPPE/GMI1; 90 : 9 : 1 chloro-
form—methanol—water) was then spread at the air/buffer
interface. The system was allowed to equilibrate for
15 min to ensure complete evaporation of organic sol-
vent, after which the lipid monolayer was compressed to a
surface pressure of 20 mN/m, and this pressure was kept
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constant for the remainder of the experiment via a feed-
back loop (Fig. 2a). X-Ray scattering data were then col-
lected on the lipid film at 20 mN/m and 20°C (described
in more detail below). Having herewith defined the con-
trol value, measurements were done in the presence of
Gal-1. An aliquot of Gal-1-containing solution (5 mg
dissolved in PBS) was injected into the buffer subphase of
the trough and allowed to equilibrate with the lipid
monolayer (Fig. 2b). The galectin concentration in the
trough subphase was approximately 21 pg/ml. Since the
surface pressure of lipid monolayer was kept constant,
insertion of Gal-1 into the lipid monolayer will result in
an expansion of the surface area (Fig. 2c). Thus, the
detectable increase in monolayer surface area is taken as
a measure of productive galectin—membrane interac-
tions. X-Ray scattering data were taken 5 h (#)) and 13 h
(t,) after injecting Gal-1-containing solution.

X-Ray scattering measurements. To elucidate the
molecular-scale structure of the Gal-1-—lipid monolayer
film, complementary grazing incidence X-ray diffraction
(GIXD) and X-ray reflectivity (XR) data were collected
before (lipid membrane alone) and two time points (z,
and t,) after bringing in Gal-1 into the solution under-
neath the lipid monolayer. The X-ray beam directed to
the sample has a wavelength (A) of 1.30 + 0.02 A
(9510 eV) and a power of about 0.3 mW. To reduce scat-
tering background and to minimize oxidative damage to
the protein—Ilipid film by the X-ray beam, the trough con-
tainer was purged for 30-40 min with helium. As an addi-
tional precaution against damage by radiation, the trough
was moved by 0.025 mm in the horizontal direction after
every step during the GIXD scans and by 2 mm during the
XR scans.

GIXD measurements provide structural in-plane
(i.e. in the plane of the monolayer) information on the
crystalline diffracting portion of the film. In general, the
lipid-condensed (LC) phase in Langmuir monolayers can
be described as 2D powers with 2D crystallites that are
azimuthally and randomly oriented on the subphase sur-
face. The reciprocal space of GIXD patterns from the
crystalline portion of the monolayer arises from a 2D
array of Bragg rods, which extend parallel to the vertical
component, ¢,, of the scattering vector ¢ [30, 31]. To
maximize surface sensitivity for the GIXD measure-
ments, the monochromatic X-ray beam was adjusted to
meet the surface at an incident grazing angle of 0.11°,
which is 85% of the critical angle for total external reflec-
tion [32]. The dimensions of the footprint of the incom-
ing X-ray beam on the liquid surface were approximately
2 x 50 mm?®. Diffracted intensities were collected using a
one-dimensional position-sensitive detector (PSD,
OEM-100-M; Braun, Germany) as a function of the ver-
tical scattering angle and with a measuring window of
Ag,~0.9 A", A Soller collimator was mounted in front of
the PSD, which gave a horizontal resolution of the detec-
tor of Ag,, = 0.0084 A~'. The scattered intensity was
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Fig. 2. a) Compression of lipid monolayer to 20 mN/m. A
Wilhelmy plate surface pressure sensor was used to measure the
surface pressure (7) of the lipid monolayer, which is related to the
surface tension of the film (y) at the air/water interface. b)
Injection of Gal-1 into the subphase. The protein was brought
into the subphase underneath the barriers using an L-shaped
syringe needle to minimize disturbances to the lipid monolayer.
The final Gal-1 concentration has been shown to be bioeffective
in in vitro assays in GM 1-dependent cell growth assays (effector T
and neuroblastoma cells). ¢) Expansion of the lipid monolayer
due to the insertion of Gal-1. The homodimeric lectin with its
two binding sites is drawn to scale in shape, assuming loading of
both contact sites with ligand. Monolayer surface area was
recorded and the area expansion was calculated as AA/4A = (4 —
A;)/A;, where A is the surface area at time ¢ and A4; is the surface
area of the monolayer when first compressed to 20 mN/m.

b

measured by scanning over a range of the horizontal scat-
tering vector component:

Qxy = (47‘5/)\')811’1(26)()//2)3

where 20, is the angle between the incident and diffract-
ed beam projected onto the horizontal plane, and A is the
wavelength of the X-ray beam. Such a scan, integrated
over the whole window of the PSD, yields the Bragg peaks.
Simultaneously, the scattered intensity recorded in chan-
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nels along the PSD but integrated over the scattering vec-
tor in the horizontal plane across a Bragg peak produces
q,-resolved scans, called Bragg rod profiles. The intensity
distribution along a Bragg rod can be analyzed in terms of
a model of the molecular conformation, orientation, and
packing, to yield information on the direction and magni-
tude of the molecular tilt in the crystalline part of the
amphiphilic film. In this study, lipid tails were modeled by
a cylinder of constant electron distribution. Adjustable
parameters, under these conditions, were the tilt angle of
the cylinder from vertical, the lateral tilt direction, the
length, L_, of the cylinder (i.e. the length of the part of the
molecule which scatters coherently), and the vertical root-
mean-square displacement, o, (Debye—Waller factor), in
the crystallites. Analysis of the Bragg peaks yields d-spac-
ing and coherence length (i.e. average size) of the 2D crys-
tallites in the film at the air/buffer interface.

While GIXD measurements afford structural infor-
mation on the in-plane crystalline portion of the film, XR
measurements yield information about the out-of-plane
(vertical) monolayer structure, laterally averaged over
both crystalline and amorphous portions [33, 34]. For XR
measurements, an additional slit is used to exclude diffuse
scattered background around the reflected beam. This
slit, together with a scintillation detector having a thin
vertical measuring window (Ag, = 0.02 A", is mounted
on an elevator connected to a diffractometer arm, which
is pivoted around a vertical axis through the sample cen-
ter. Detailed information on electron density variation in
the vertical direction, laterally averaged over both the
ordered and disordered parts of the film, can be obtained
from the deviation of the measured specular XR from
Fresnel’s law [30, 31].

RESULTS

Insertion of Gal-1 into DPPE—GM1 monolayer.
During the lipid monolayer insertion assay, the monolay-
er surface area was recorded, the change determined, and
the percentage of area expansion (% AA/A) calculated
using the equation:

% AA/A = 1004 — A)/A;,

where A; is the (initial) trough area of the monolayer at
20 mN/m and 20°C before injecting Gal-1-containing
solution and A is the trough area at time ¢ after applying
the protein (Fig. 2). The isotherm and insertion data are
summarized in Fig. 3. The data reveal integration of the
lectin, at a concentration effective for GM1-dependent
cell growth regulation [12, 13], into the lipid monolayer,
as schematically indicated in Fig. 2c.

As shown in Fig. 3b, Gal-1 inserted into the mono-
layer immediately after starting the experiment by injec-
tion of protein-containing solution into the buffer sub-
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phase and steadily continued to do so during the period of
7 h. The area per molecule shown here reflects the aver-
age area per lipid molecule, accounting for both ordered
(LC) and disordered (liquid-expanded) phases. Of note,
the “bilayer-equivalent surface pressure”, i.e. the pressure
at which the packing density of the monolayer lipid mim-
ics that in a lipid bilayer, has been reported to be in the
range of 30-33 mN/m [35]. Thus, an insertion assay at a
constant surface pressure of 30 mN/m was first carried
out. Because no lectin insertion into the lipid monolayer
was yet observed at this pressure, the surface pressure was
lowered to 20 mN/m.

Structure of Gal-1—lipid monolayer film at air/buffer
interface. By combining the methods of GIXD and XR,
the in-plane and out-of-plane structures of the lipid film
and location of the lectin at the lipid film interface were
elucidated. First, a contour plot of the GIXD data for the
monolayer, with both ¢,, and g, resolved, is presented
(Fig. 4). Very similarly shaped contour plots for the
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Fig. 3. Isotherm (a) and insertion (b) of Gal-1 into the
DPPE—GM1 monolayer held at 20 mN/m at 20°C.
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Fig. 4. Reciprocal space contour plot, /(gy, g,), of a DPPE-~GM1 monolayer at 20 mN/m and 20°C.

monolayer after lectin insertion were obtained, although
absolute intensities of the plots differed (data not shown).
GIXD data projected on the ¢g,, and on g, axis, yielding
Bragg peaks and Bragg rods, respectively, are document-
ed at three time points in Fig. 5. Illustrating first the con-
trol without lectin addition (a), data are then presented
for the situation after 5 h (¢,) and 13 h (#,), with approxi-
mately 14 and 20% area expansion of the lipid monolayer
reached. The rate of area expansion due to lectin inser-
tion was approximately 2%/h. Gal-1 insertion did not
reach equilibrium after 13 h — a plateau in area/molecule
vs. time was not observed.

The diffraction patterns obtained for the
DPPE—GMI1 monolayer at 20 mN/m and 20°C before
and after applying Gal-1 enabled calculation of the set of
structural parameters summarized in Tables 1 and 2.

For each of the systems measured, three Bragg peaks
were observed, at g,, ~ 1.42, 1.45, and 1.48 A~'. The pres-
ence of three Bragg peaks is indicative of an oblique 2D
cell. The integrated intensities of the three Bragg peaks
(=0.05 A~' < ¢, < 0.8 A™") were approximately the same
(dashed lines in Fig. 5), in agreement with the multiplic-
ity rule. The three peaks can be indexed as {1,0}, {0,1} and
{1,—1}. The calculated d-spacing values (d-spacing =
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2n/q,y), i.€. dyy, dy;, and d,_,, are attributed to a primitive
2D unit cell with dimensions of the unit vectors |al, |b|, the
angle between them v, and the area per two alkyl chains,
which are all given in Table 1.

Assuming that the monolayer consists of perfect 2D
crystallites of an average dimension L,, (the lateral coher-
ence length) in the crystallographic direction {4, k} with
no preferred azimuthal orientation, the Scherrer formula
[36] can be used to calculate the coherence length in the
three crystallographic directions using the equation L,, =
0.9[2/FWHM, insic (@xy)] {h, k}. As the corresponding
full width at half maximum (FWHM) of the three peaks
exceeds the instrumental resolution of FWHM . (¢y,) =
0.0084 A~', the intrinsic FWHM can be obtained using
the equation FWHMintrinsic (qu) = [FWHMmeas (qu)Z -
FWHM,.,,, (¢,,)°]"”%. From this analysis, the lateral coher-
ence lengths for the three peaks, L, Ly, and L,_;, were
estimated (Table 2). As a reference, a distance of 500 A
encompasses approximately 100 alkyl chains or a crys-
talline domain with 50 lipid units across.

The combined Bragg rod profile of the {0,1}, {1,0},
and {1,—1} reflections, shown in Fig. 5 (a’, b’, c¢’), was
produced by integrating the scattering data over the
1.35A7"' < Gy < 1.55 A" region of the three peaks. The



948 MAJEWSKI et al.

b C
2.5-10° 10°F 2.5-10°f
2.0-10° 10°F 2.0-10°}
1.5-10° 10°F 1.5-10°
1.0-10° -10° -10°
5.0-10°f 10} -10*}
7 0 s
E 12 1.2 13 14 15 1.2
8
£ 200 200 200
5
=
= 150 150 150

100 100f 100

50

50

Fig. 5. Integrated GIXD (Bragg peaks) data of the lipid film before (a) and 5 h (b) and 13 h (c) after applying Gal-1. The diffraction pattern
was fitted using the sum of three Voigt profiles (solid line) and deconvoluted into separate peaks (dashed lines) corresponding to each {1,0},
{0,1} and {1,—1} Bragg peak. Bragg peaks were obtained by integrating over the (—0.05 A~ < q,<0.8 A" region. a', b’, ¢’) Sum of the three
{1,0}, {0,1}, {1,—1} Bragg rods corresponding to DPPE—GMI1 and #, =5 h and #, = 13 h after injection of Gal-1. By integrating over the
(1.35 A< Gy S 1.55 A’l) region, the Bragg rods were fitted (solid line) by approximating the coherently scattering part of the alkyl tail by a
cylinder of constant electron density. Each of the separate Bragg rods are shown as dashed lines.

Bragg rod profiles were analyzed by approximating the
alkyl tails of the lipids as tilted cylinders with constant
electron density and length L. [33]. As expressed in the
data given in Table 1 and illustrated in Fig. 5, the dif-
fraction patterns from the DPPE-GMI1 and
DPPE—-GMI1 + Gal-1 (¢, = 13 h) monolayers are simi-
lar, indicating that, in the ordered phase, they have a
similar area per lipid molecule (43.5 10\2), alkyl tail tilt
(~21.45 £0.15° from the surface normal), and azimuthal
angle (10.8 = 0.3° from the nearest neighbor defined by
the vector a + b). However, the length of the cylinder
with constant electron density used to model the inten-
sity distribution along the Bragg rods, L., was 18.9 A for
the galectin-free DPPE—GM]1 monolayer vs. 17.3 A at
t,. This suggests that the exposure of the monolayer to
Gal-1 caused a small (1.5 A) vertical displacement in
lipid packing. Additionally, the L, , coherence length
increased from 500 to 760 A at t,, suggesting altered
packing of the lipid tails along this crystallographic
direction (Table 2).

The diffraction from the DPPE—GMI1 + Gal-1 sys-
tem at ¢, (5 h) is different from the so far presented cases
of pure lipids (no protein) or 13 h after lectin application.
Although the length of the cylinder, L., was the same as in
the case of the DPPE—GM1 monolayer before Gal-1
insertion (18.9 A), most likely excluding out-of-plane
lipid displacements, the area per molecule decreased to
43.1 A2, and alkyl tail tilt and azimuthal angle decreased
to 19.4 and 2.6°, respectively. The L, , coherence length
was also lowered from 500 to 380 A, suggesting a reduc-
tion in the positional registry between the lipid tails along
this crystallographic direction (Table 2).

With the insertion of Gal-1, the intensity of the dif-
fraction peaks decreased to about 35% at ¢, compared to
that of lipids alone, indicating that the crystalline order in
lipid tails arrangement has been partially disrupted.
Interestingly, this appeared as a transient phenomenon:
partial recovery of relative quantity of ordered phase took
place, because the integrated intensities increased to 70%
at t, = 13 h. Of note, such a course of parameter change

BIOCHEMISTRY (Moscow) Vol. 80 No. 7 2015
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Table 1. Summary of parameters obtained from analysis of GIXD data
Primitive unit cell a, b, y Area per Integ- |Coherence | Tilt angle, Tilt .
20 mN/m, 20°C (A, A, degrees) molecule rated length, 1(°) direction c, A
(A?) inten- L.(A) from NN,
sity non-sym-
(%) metry (%)
DPPE-GM1 | 491£0.01|5.01£0.01|117.1+0.4| 43.5%0.1 100 189+£05(21.6x1.0| 11.1+£1.0| 0.9%0.2
DPPE-GM1 | 4.89£0.01 | 5.00£0.01|118.0+0.4| 43.1+0.1 35 189+05(194+£1.0| 26%+2.0|0.94£0.2
Gal-1,t,=5h
DPPE-GM1 | 490+£0.01|5.01+0.01|117.7+0.4| 43.5%0.1 70 173£05(21.3£1.0| 10.5+1.0 | 0.84 £0.2
Gal-1,,=13h

Notes: L, is the length of the coherently scattering part of the alkyl tail measured along its backbone. Tilt angle is measured from the surface nor-
mal. The tilt angle is measured between the direction of nearest neighbor and the projection of the alkyl tail on the subphase surface. Nearest
neighbor (NN) is along a + b, where a and b are the 2D unit cell vectors; o is the vertical Debye—Waller factor or root-mean-square molec-

ular displacement normal to the surface.

has not been previously observed for any protein—mem-
brane systems we have studied to date. Although the cause
of this reestablishment of extent of the ordered phase is
unclear, it is evident that the initial association of Gal-1 to
the LC phase of the model lipid membrane was followed
by reorganization and/or relaxation of the system such
that the liquid-condensed phase reformed. Clustering
and/or an in situ oligomerization of membrane-associated
Gal-1 may, at least in part, underlie this process. The
increase in the amount of the LC phase with incubation
time could also be caused by large-scale heterogeneities,
as would occur if lipid phase and protein were not uni-
formly distributed in the film. This is rather unlikely,
because we have never observed such phenomena.
Interestingly, no diffraction signal was observed in the
low g,, region (0.05-1.0 A", 120 A > d-spacing > 6 A) cor-
responding with higher d-spacings of the measured spec-
tra (data not shown). Therefore, we conclude that neither
Gal-1 nor pentasaccharide headgroups of GM1 form reg-
ular arrays of sufficient size to be detectable by GIXD.
Whereas GIXD measurements probe the crystalline
portion of the hydrocarbon chains in the footprint of the
X-ray beam, XR provides averaged structural information
from both the 2D-crystalline and the amorphous parts of
the monolayer along the direction perpendicular to the
lipid film. The reflectivity data were analyzed using an
optical matrix method (StochFit) [37], assuming that the
mixed monolayers establish thin homogeneous films. This
is justified, because previous Brewster angle and fluores-
cent microscopy studies show that the components mix
rather than phase separate [38-41]. Following the
StochFit procedure [37], the electron density distribution,
normalized to that of water, along the subphase surface
normal was approximated by a large number of slabs, each
with a constant electron density, interconnected by error
functions. In this model-independent fitting procedure,
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the electron density of each slab was varied to optimize a
mathematical construct to obtain the smooth functional
form of the electron density distribution, which results in
the best fit (lowest > values) to the measured XR data.
Twelve slabs were sufficient to adequately model XR pro-
files obtained from this study. The top row of Fig. 6 shows
XR data (circles) along with the best fits (solid and dashed
black lines) based on electron density distributions pre-
sented in the bottom row by solid gray lines.

As shown in Fig. 6, incorporation of the lectin
induced substantial changes in the reflectivity profiles of
the lipid monolayer (Fig. 6, a-c). Not surprisingly, elec-
tron density profiles from the model-independent fitting
of XR data also appeared to undergo significant changes
with insertion (solid gray profiles in Figs. 6a’, 6b’, and 6¢').
To gain a better physical understanding of structural
changes of the DPPE—GMI1 monolayer upon contact
with Gal-1, the electron density profiles obtained from the
model-independent StochFit procedure were deconvolut-

Table 2. In-plane coherence lengths obtained from
GIXD data

In-plane Bragg peak coherence length,

20 mN/m, 20°C L,(A) £10A

Ly, Ly L,
DPPE-GM1 160 190 500
DPPE-GMI + 180 180 380
+Gal-1,/,=5h
DPPE-GMI + 160 200 760
+Gal-1,,=13h

Note: Length, L,, is the in-plane coherence length; an average size of
the 2D “crystalline” islands.
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ed into three boxes (or slabs) of constant electron densities
(dashed, step-like electron density distributions shown in
bottom row of Fig. 6). This constitutes the model-depend-
ent fitting of the XR data. Applying roughness (or smear-
ing) to the step-like model-dependent profiles resulted in
electron density distributions (solid black lines in the bot-
tom row), almost indistinguishable from the original dis-
tribution of the model-independent fits (solid gray lines).
The new electron density profiles can be used to calculate
the XR (dashed lines, top row). These new fits, based on
only three slabs, differ from model-independent fits exclu-
sively at high momentum transfer vectors, ¢,. Such a sim-
ple but physically reasonable model allows for a better
understanding of the evolution of the system and provides
a way to approximate spatial parameters of Gal-1 at the
interface. As shown in Fig. 6a’, and in agreement with pre-
viously published studies [38-41], the mixed DPPE—GM1
monolayer can be adequately modeled by three slabs: one
for the GM1 headgroups and water, one for the mixed
DPPE and GM1 headgroup region, and the third for the
acyl tails of both (glyco)sphingolipids. The same scheme
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of slabs was found to adequately model the XR data at
both time points after the injection of Gal-1 into the sub-
phase (Fig. 6, b’ and ¢').

The following qualitative insight can be gained
directly from the reflectivity profiles shown in Fig. 6: when
the lectin was present in the subphase, the XR interference
fringes became less distinguished. This is indicative of
increased disorder (along surface normal) imposed on the
perfectly aligned DPPE—GM 1 monolayer by the presence
of the lectin. Electron density profiles of the membrane
before and after lectin insertion are overlaid and presented
in Fig. 7a for direct comparison. It is immediately appar-
ent that contact with Gal-1 molecules results in pro-
nounced changes in the electron density distribution
across the air/liquid interface. The initial three distinct
slabs composed of tails/DPPE—GMI1 headgroups/GM1
headgroups become less stratified, and more electrons are
present towards the air interface after addition of Gal-1.
Increasing incubation time and therefore extent of Gal-1
insertion resulted in a monotonic increase in the electron
density in the lipid tail region (0 to 20 A from the air inter-
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Fig. 6. Fresnel-normalized X-ray reflectivity (top row) and normalized electron density distribution (bottom row) of the DPPE—GM1 lipid
films before (a and a’) and at #, = 5 h after Gal-1 injection (b, b’) and #, = 13 h after Gal-1 injection (c, ¢’). Measured data is represented as
symbols, and lines (solid and dashed) represent fits corresponding to the electron density profiles shown in (a’, b’ and ¢’). The electron den-
sities p(z) are normalized to the electron density of buffer subphase (pgpphase 0-335 e’//&”). Error bars for the reflectivity data represent statis-

tical errors in these measurements.
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Fig. 7. a) Comparison of normalized electron density distribution for the DPPE—GM 1 monolayer (/) and at #, = 5 h (2) and #, = 13 h (3) after
Gal-1 injection. Dashed and solid lines represent the electron densities from the three-slab model that is unsmeared and smeared, respectively.
The electron densities p(z) are normalized to the electron density of the liquid subphase (pgbphase 0-335 e’/;&*). b) Differences between the
electron density profiles of the DPPE—GM|1 monolayer free of Gal-1 and the DPPE—GM1 lipid monolayers containing Gal-1 at 1, = 5 h

(dashed line) and #, = 13 h (solid line) after Gal-1 injection.

face) and decrease in the headgroup regions (approxi-
mately 20 to 40 A towards the liquid subphase). These
changes are more apparent when the differences between
t, and t, electron density profiles and those of the lipids
alone are calculated and plotted (Fig. 7b).

The integration of the area under the step-like pro-
files (dashed lines in Fig. 6, a’-c¢’) provides information on
the total number of electrons per A2 in the footprint of the
X-ray beam. Despite the increase in the area per molecule
(Fig. 3b) and therefore decrease in the number of
DPPE—-GM1 units, the number of electrons increased
from 14.0 e~ /A% for DPPE—GMI to 14.5 and 17.2 e /A2
at 1, = 5 h and ¢, =13 h, respectively. These changes cor-
respond to 4 and 23% increases in the number of elec-
trons. Such enhancement can only be explained by the
presence of lectin in the lipid monolayer. When corrected
by the 14 and 20% increase in area per molecule due to
lectin insertion, electron density increases were 19 and
48% at t, and t,, respectively. Therefore, at the final stage
of the measurement (r = 13 h), an approximately ~50%
electron density increase can be attributed to the presence
of Gal-1 in the monolayer.

DISCUSSION
X-Ray scattering data of DPPE—GM1 monolayers

at an air/buffer interface before and after injection of a
multifunctional human lectin that is involved in modulat-
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ing cellular activities including gene expression profiles
[16, 42, 43] have been presented. We studied a 80 :
20 mol% DPPE/GM1 monolayer before and after injec-
tion of Gal-1-containing solution into the subphase at
constant surface pressure of 20 mN/m and temperature of
20°C (final concentration of 21 pg/ml). Similar to previ-
ously published data [43], no phase separation of DPPE
and GMI1 components or lateral domain formation in
these mixtures was detected. The GIXD results indicate
that insertion of the lectin into the lipid monolayer affects
the lipid-ordered (LC) phase of the monolayer, and this
in a very peculiar manner. Upon contact with Gal-1, the
packing arrangement of alkyl chains in the LC phase was
only slightly changing. With time, after 5 h of incubation,
the amount of the LC phase decreased to 35% of the orig-
inal value, and then subsequently increased to 70% meas-
ured after 13 h of incubation (Table 1). The oblique 2D
unit cell dimensions as well as size of the crystallite
domains of the lectin-free DPPE—GM1 monolayer and
at t, = 13 h after Gal-1 injection to the buffer reservoir
remained similar. Of note, for the intermediate time of
t, = 5 h, the changes in the packing of the alkyl tails (and
overall intensity of the scattering) were very pronounced.
An initial stage of strong molecular interplay may occur,
after which the Gal-1 molecules may oligomerize,
become more soluble, and leave the gel phase or, alterna-
tively, acquire a different positioning vis-a-vis the ordered
lipids leading to reconstitution of tail arrangements. The
changes in the GIXD pattern indicate that Gal-1 mole-
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cules have a tendency to interact with the ordered mono-
layer phase. The average distance between the lipid head-
groups in the LC phase is approximately 10 A (twice the
value of the 2D cell dimensions; Table 1), and the average
distance between GM1 headgroups for the 80 : 20
DPPE/GM]1 mixture is ~30 A. Therefore, it is expected
that protein residues separated by such distances can
influence these interactions.

The XR measurements show very substantial
changes in the electron density distribution along the line
perpendicular to the monolayer. Prior to injection of Gal-
1-containing solution, the electron density distribution
obtained from XR measurements shows that the DPPE
headgroups and the proximal headgroups of ganglioside
GM1 line up in the 2D monolayer plane. The branched
portion of the pentasaccharide headgroup can extend fur-
ther into the water subphase, minimizing lateral interac-
tions. Modeling of GM1 conformations in an environ-
ment with phosphatidylcholine headgroups had inferred
the potential for two constellations, referred to as “pro-
truding” and “embedded” [44, 45]. The ganglioside sugar
headgroup is easily detectable in the reflectivity profiles
fort,=0and ¢, =5 h.

Based on the measured electron density distributions
(Fig. 7), there is clear evidence of Gal-1 penetration into
the hydrophobic tail region of the lipid monolayer and/or
staggering of the headgroups. The XR results indicate a
significant increase in the number of electrons in the
monolayer despite the increase in area per lipid molecule
due to monolayer expansion. The excess of electrons can
only be attributed to the presence of Gal-1 molecules at
the interface. The resulting electron density distributions
(Fig. 7, a and b) indicate that, along the direction of the
surface normal, the length scale of ~40 A is affected by
the protein, corresponding to the short protein axis.
Binding with the long axis parallel to the air/subphase
interface is thus likely. There is also clear evidence that
insertion of the Gal-1 influences the hydrophobic (alkyl
tail) region of the monolayer. Despite a strong impact on
electron density distribution of the DPPE—GM1 mono-
layer by contact with Gal-1, no clear evidence of location
of the molecules in a regular stratum below the monolay-
er was observed. The low g,, GIXD studies did not detect
any in-plane ordered structures of d-spacings shorter
than 120 A. These data are in line with the reasoning that
no in-plane ordering of Gal-1 into regular 2D arrays
occurred. Interplay of Gal-1 and the DPPE-GMI1
monolayer is dependent on the surface pressure. Of note,
at 30 mN/m we observed no protein insertion into the
monolayer.

Contrary to the XR results, the GIXD obtained after
13 h of Gal-1 incubation showed only small changes in
the gel phase of the monolayer. Thus, we can deduce that
the protein molecules are predominantly in contact with
the liquid-expanded phase. This is also supported by the
fact that at higher surface pressures (when the amount of
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the ordered phase is increasing) no evidence of insertion
was observed.

In comparison to previous work with Ctx, the mode
of interplay of the 80 : 20 DPPE/GMI1 monolayer with
Gal-1 is different from that of Ctx (Bs and AB;) [38-40].
Ctx (gently) attached to the monolayer from the bottom
altering the in-plane and out-of-plane structure of the
monolayer (alkyl tails) to a much lesser extent than Gal-
1. At the initial stages of interactions, Ctx formed a rather
homogeneous monolayer below the headgroups of
PE—GM1. Additionally, Ctx molecules organized them-
selves in 2D crystallites with high degree of in-plane
coherency. Nothing like that was observed for Gal-1.
Elongated homodimeric Gal-1 (ellipsoid with the two
principal lengths of approximately 40 and 56 A; sedimen-
tation-velocity data yielded a friction ratio of approxi-
mately 1.3 [46]) with separation of the two lectin sites by
approximately 40-45 A and their characteristic orienta-
tion (almost parallel to the long axis of the molecule [47])
cause a significant disruption in the order of the alkyl tails
of monolayer, as schematically indicated in Fig. 2¢c. For
the 80 : 20 DPPE/GMI1 mixture, on average along one
dimension, the GM1 headgroups are separated by a dis-
tance of 30 A. Incommensurability of the distances (sep-
aration of Gal-1 binding sites and the averaged distance
between the GM1 headgroups) leads to increased level of
disorder for the alkyl tail packing when both binding sites
are engaged. Overall, the presented results thus illustrate
that the two receptor types affect membrane properties to
different extents.

In addition to the specific glycan—Iectin interaction,
the possibility should be considered that the carbohydrate
recognition domain of galectins could be capable of
engaging in a lipid—monolayer contact, as e.g. known
from annexins [48, 49]. Previous work on Gal-3 found
the lectin to interact with phosphatidylserine, galactosyl-
ceramide, and cholesterol and to rapidly penetrate and
traverse a lipid bilayer (molar ratio of 2.1 : 5.0 : 0.1 of cho-
lesterol, dimyristoyl-L-o-phosphatidylcholine, and
dicetyl phosphate) [50], yet left open the possibility that
the tail region with the collagen-like repeats and N-ter-
minal peptide of the chimera-type galectin could be
responsible for this property.

Because galectins are synthesized on free cytoplas-
mic ribosomes and secreted by unconventional path-
way(s) [51, 52] and ganglioside GM 1 is also a constituent
of nuclear membranes [53, 54], these data may have fur-
ther relevance for understanding secretion and intracellu-
lar trafficking, Gal-1 having been localized in cell nuclei
[55-58]. With the topological presentation of binding
sites, reactivity to glycoclusters/cell surfaces and the
functional consequences of binding being different
among galectins [16, 23, 59-67], even antagonistic in cer-
tain cases [12, 68], and rational engineering capable of
providing variants for deliberate probing of structure—
activity properties [66, 69], systematic application of this
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method is warranted to delineate glycan structure—lectin
binding profiles. Of note, galectins are present as a net-
work in vivo, with the possibility for functional competi-
tion [7, 70]. Moving on to a model bilayer [71] and adding
cholesterol will help increase the level of biorelevance.
However, the steroid had been reported to reduce glycan
accessibility by tilting the sugar chain of glycosphin-
golipids toward the membrane phase and to form a com-
positional asymmetry with GM1 [72-74]. Consequently,
unmasking of previously “invisible” glycosphingolipid
was possible by cholesterol extraction, e.g. using methyl-
B-cyclodextrin [73, 75]. Doing so for neuroblastoma
(SK-N-MC) cells decreased the B,,,, value for binding of
Gal-1 from about 300 to nearly 170 fmol, with a nearly
10-fold increase in dissociation constant [14]. In parallel,
surface binding and its relevance for frans-interactions
can be evaluated using custom-made glycodendrimer-
somes (vesicles of defined size obtained by self-assembly
of amphiphilic Janus glycodendrimers) in aggregation
assays [76-79], complementing the analysis of structural
aspects in cis-constellations. These experimental lines
will contribute to crack the sugar code [80-82], in the
topological context of biorelevant surfaces.
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