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ABSTRACT: The structures of adhesion proteins play an important role in the formation of intercellular
junctions and the control of intermembrane spacing. This paper describes the combination of neutron and
X-ray specular reflectivity measurements to investigate the structure of the ectodomain of the neural-
cell-adhesion molecule (NCAM). The measurements with unmodified NCAM suggest the presence of a
bend in the extraceullar region. Measurements with the polysialic-acid-modified form of NCAM reveal
that, at physiological ionic strength, the carbohydrate chains extend beyond the range of the unmodified
protein. The excluded volume of the polymer is also ionic-strength-dependent, as expected for a
polyelectrolyte. The structural characteristics obtained from these independent analyses of X-ray and neutron
reflectivity data agree with each other, with prior reflectivity studies, and with molecular dimensions
obtained from direct-force measurements. These results provide structural insights into the configuration
of the NCAM ectodomain and the regulation of NCAM adhesion by post-translational modification.

The neural-cell-adhesion molecule (NCAM)1 is expressed
in both developing and adult vertebrate organisms and is a
cell-surface glycoprotein, which mediates cell adhesion,
signaling, migration, and plasticity in the central nervous
system (1). NCAM binds homophilically to other NCAM
molecules on opposing cell surfaces.In ViVo studies with
mice showed that the inhibition of NCAM function by anti-
NCAM antibodies prevents long-term memory formation (2).
Several isoforms of NCAM are expressed, with the three
most prominent differing in their membrane attachment (3).

Despite these differences, all isoforms possess an extracel-
lular region composed of five tandem immunoglobulin (Ig)
domains followed by two membrane-proximal fibronectin
type-III (FNIII) domains (4). Electron microscopy studies
of the extracellular region exhibited a range of NCAM
conformations that appeared to result from a flexible bend
between the Ig domains and the FNIII domains (5, 6). The
authors concluded that NCAM does not extend perpendicular
to the membrane but is instead bent at a flexible hinge
between the two regions of the protein.

One of the more interesting properties of NCAM is that it
is found in two forms, namely, an adhesive form and an
antiadhesive form. In the early stages of development,
NCAM is post-translationally modified with up to two linear
R,2,8-polysialic acid (PSA) chains N-linked at distinct sites
on the fifth Ig domain (7). In contrast to the unmodified
protein, the PSA-NCAM exhibits antiadhesive properties
(8, 9). The post-translational modification of NCAM en-
hances cell motility, increases intercellular space, and
increases neural plasticity (8, 10-12). The lengths of the
carbohydrate chains vary widely, with the degree of polym-
erization exceeding 55 monomers (13). The sialic acid
monomers are negatively charged, and intersegment repulsion
increases the excluded volume of the chains (14). Adhesion
between PSA-NCAM expressing cells also depends on the
ionic strength (15). At physiological ionic strength, the cells
did not adhere, but adhesion recovered at high (0.5 M) salt
concentrations. This was attributed to the reduction in the
excluded volume of PSA because of electrostatic screening,
which in turn reduced the intercellular repulsion and
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increased the adhesion. However, there is no study that
directly demonstrated the molecular basis of this behavior
or quantified the dimensions of the carbohydrate under these
different conditions.

PSA may inhibit cell adhesion by sterically impeding the
close approach and adhesion between adjacent cells (9, 11,
12, 16). This so-called trans-inhibition mechanism would
require the chains to extend at least to the outermost adhesive
domains of NCAM, so that the resulting osmotic repulsion
would offset the specific attraction at the same membrane
separation. On the other hand, the PSA could disrupt the
lateral (cis) clustering of adhesion molecules and thereby
prevent the formation of adhesive junctions. Here, the lateral
extension of the chains would only need to block interactions
between adjacent proteins (1). Quantitative measurements
of the polymer extension relative to the protein dimensions
would therefore provide important structural insights into the
underlying mechanism by which the PSA modification
regulates NCAM function.

In this study, both X-ray reflectivity (XR) and neutron
reflectivity (NR) measurements determined the extension of
the membrane-bound NCAM ectodomain and of PSA-
NCAM monolayers supported on lipid membranes. The two
techniques are very complementary because a better contrast
between the different layers is obtained with the neutrons,
while a higher spatial resolution is reached with the X-rays.
They reveal details at the angstrom level of this well-
characterized system. Here, NCAM and PSA-NCAM were
engineered with C-terminal polyhistidine tails. These proteins
were in turn immobilized and oriented on nitrilotriacetic acid
(NTA)-modified lipid monolayers. From the electron-density
and neutron scattering-length-density (SLD) profiles per-
pendicular to the lipid surface, we determined the dimensions
of the proteins and associated PSA. These results indicate
that there is a bend in the full ectodomain structure, in
agreement with previous electron microscopy studies (5, 6).
Studies with PSA-NCAM at physiological NaCl concentra-
tions indicate that the carbohydrate chains extend beyond
the protein. In 1 M NaCl, both the electron density and the
SLD increase near the glycoprotein base, at the expense of
the density at larger distances. The latter is indicative of the
collapse of the carbohydrate chains at high ionic strength
because of electrostatic screening.

MATERIALS AND METHODS

Materials.The synthetic lipids 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine (DPPE) and 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) were from Avanti Polar
Lipids. Hydrogenated 6-[9-[2,3-bis(dodecyloxy)propyl]-3,6,9-
trioxanonyl-1-oxycarboxylamino]-2-[di(carboxymethyl)ami-
no]hexanoic acid (NTA-TRIG-DLGE) was custom synthe-
sized by Northern Lipids, Inc. (Vancouver, BC, Canada).
1-Octadecanethiol, 4-(2-hydroxyethyl-1-piperazineethane-
sulfonic acid (HEPES), sodium chloride, and nickel sulfate
were from Aldrich. Silicon blocks used for the neutron
experiments were purchased from Siltronix (Archamps,
France).

Protein Expression and Purification.The proteins were
isolated from the cell-culture supernatants of stably trans-
fected Chinese hamster ovary (CHO) cells, as described
previously (17). The purification of the secreted polyhisti-

dine-tagged proteins involved a three-step process, in which
the cell medium was first passed over a Ni-NTA affinity
column (Qiagen), and the protein was eluted with a buffer
containing 200 mM imidazole. The resulting protein eluant
was then purified by anion-exchange chromatography and
finally purified to homogeneity with a gel-filtration column.
Cell transfection and selection, as well as the protein
expression protocols, were described previously (17).

Specular XR Setup.XR measurements were conducted at
beamline ID10B at the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France. The instrumental setup
has been described elsewhere (18, 19). Briefly, the vertical
aperture was set to 0.1 mm, and the horizontal aperture was
set to 1 mm. The selected wavelength was 0.154 nm at the
critical angle formed between the beam and aqueous sub-
phase (θc ) 0.1525° at the energy used). The footprint of
the X-ray beam was half the length of the trough. For the
sample preparation, a stock solution of NTA-TRIG-DLGE
dissolved in chloroform at a concentration of 1 mg/mL was
spread at the air-water interface of the 15 mL Teflon trough.
The trough had been precleaned with Piranha solution
comprising HCl, H2O2, and H2O in a 1:1:1 ratio by volume.
The surface area of the trough was 80× 60 mm2, and the
surface pressure of the lipid monolayer was monitored with
a Wilhelmy balance (NIMA). The aqueous subphase con-
tained 20 mM HEPES, 100 mM NaCl, and 15µM NiSO4 at
pH 7.7, and drops of NTA-TRIG-DLGE solution were spead
until a surface pressure of approximately 36 mN/m was
obtained. Protein adsorption to the NTA-TRIG-DLGE head-
group proceeded following the protein injection into the
subphase to achieve micromolar concentrations. Figure 1a
shows the resulting monolayer and sample configuration.
Reflectivity measurements were conducted after incubation
with the protein for at least 1 h atroom temperature. During
the measurements, the sample was enclosed in a helium-
filled chamber to reduce oxidation and to minimize the
parasitic background because of small-angle scattering of the
X-ray beam by air. Measurements were made up to a
momentum transfer ofQz ) 5 nm-1, using a position-

FIGURE 1: (a) Schematic of the lipid monolayer and trough used
in XR measurements. (b) Schematic of the supported lipid bilayer
and sample holder for NR studies. The protein is immobilized to
the lipid bilayer, which is supported on an oxidized silicon block.
The silicon proximal lipid layer is gel-phase DPPC, and the distal
lipid film is fluid NTA-TRIG-DLGE.
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sensitive detector (PSD) aligned parallel to the plane of
incidence and perpendicular to the water surface. The trough
sample was slowly translated perpendicular to the X-ray
beam during the measurement, to minimize beam exposure
and to thereby avoid radiation damage to the sample by the
beam. All X-ray measurements were taken at room temper-
ature. To account for evaporation of the subphase and
possible lowering of the sample surface, a water level
controller (Nanofilm GmBH, Germany) regulated the height
of the subphase. The data were analyzed with the reflectivity
analysis program Parratt32 version 1.5.2 (Hahn Meitner
Institute, Berlin, Germany). Theø2 values for the fits were
determined from the weighted fits to the data. The error in
the data defined the statistical weight of each data point. The
range of parameter values that fell within 10% of the globally
minimized fit then determined the error in the fitted
parameters.

To change the subphase composition, the trough was
connected via an inlet port to a reservoir via a peristaltic
pump. Flushing at least 3 trough volumes (45 mL) of buffer
through the trough via inlet and outlet ports exchanged the
subphase buffer. For buffer exchanges, the outlet port was
directed to waste.

Specular NR Setup.NR experiments were performed on
the D17 reflectometer at the Institut Laue Langevin in
Grenoble, France (20). Measurements were made in time-
of-flight mode with a spread of wavelength from 0.2 to 2
nm, and the fullQ range was attained by overlapping the
measurements obtained at two values of the incoming beam
angle, that is, at 0.7° and 3°. For the measurements of the
second part of the reflectivity profile, the resolution was
relaxed. In addition, short 1 h scans at the first angle ()0.7°)
were also conducted, to confirm that protein adsorption to
the membrane occurred after protein injection into the
subphase.

The sample substrate was a polished 5× 5 × 1 cm3 single-
crystal, silicon block with atomic surface roughness (Sil-
tronix, Archamps, France). The surface of the block was first
cleaned with chloroform and ethanol and then oxidized by
exposure to UV radiation under a flow of pure oxygen. After
oxidation, a lipid bilayer was deposited on the silicon block.
The first lipid layer was a pure, gel-phase DPPC monolayer
formed by Langmuir-Blodgett (LB) deposition onto the
silicon at a constant pressure of 40 mN/m. A second, outer
lipid layer of fluid Ni-NTA-TRIG-DLGE was then trans-
ferred by Langmuir-Schaefer deposition, at a constant
surface pressure of 36 mN/m. After bilayer deposition, the
substrate was placed on a Teflon trough 0.3 mm deep, with
a small volume of buffered subphase between the trough and
bilayer sample (Figure 1b). The assembly was then clamped
together with bolted aluminum plates (Figure 1b) as de-
scribed previously (21). The injection of protein solution into
the subphase to micromolar concentrations initiated protein
immobilization to the bilayer. The protein adsorption pro-
ceeded for at least 1 h before measurements were taken at
room temperature. To change the solvent contrast or ionic
strength, the same sample was flushed with at least four
trough volumes of the new buffer, while directing the excess
solution to waste. Thus, the properties of the same sample
were measured under different solution conditions.

Surface Plasmon Resonance.Surface plasmon resonance
measurements were conducted with a home-built plasmon

resonance instrument in the Kretchman configuration, de-
scribed previously (22). The sample substrate consisted of a
monolayer of 100% NTA-TRIG-DLGE deposited onto a self-
assembled hexadecanethiol monolayer on gold films. The
thin gold films (36 nm) were thermally evaporated on glass
slides, which were first coated with a 1 nm chromium
adhesion layer. The supported lipid monolayer was mounted
in a flow cell.

Protein adsorption to the supported NTA-lipid monolay-
ers was determined after first recording a baseline signal with
a solution containing 20 mM HEPES, 100 mM NaCl, and
10µM NiSO4 at pH 7.7 (Figure 2). The subsequent injection
of protein and its adsorption to the lipid layer generated a
shift in the plasmon resonance angle. The total adsorbed
amount ∆ was quantified by fitting the change in the
resonance angle with the Fresnel reflectivity equations (22,
23). The refractive index of a densely packed protein layer
was assumed to be 1.44 (24). The surface was then washed
to remove nonspecifically adsorbed protein. The difference
between the initial and final resonance angles was used to
determine the total amount of bound protein.

RESULTS

Surface Plasmon Resonance.Parts a and b of Figure 2
show the adsorption time courses obtained with PSA-
NCAM-His10 and NCAM-His10, respectively. We first re-
corded a baseline signal with pure buffer. After the injection
of the polyhistidine-tagged proteins, there was a significant
shift in the plasmon resonance angle (Figure 2). After rinsing
with buffer, the total difference between the final and initial
signals (∆ in Figure 2) gave the amount of protein adsorbed.

FIGURE 2: PSA-NCAM-His10 (a) and NCAM-His10 (b) adsorption
time courses measured by surface plasmon resonance. Upon
injection of the protein solution, there is a sharp increase in the
effective optical thickness of the adlayer (arrow). After a rinse with
pure buffer, the difference between the initial and final signal,∆,
indicated by the vertical arrows, gives the total amount of
immobilized protein bound to the surface.
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On a 100% NTA-TRIG-DLGE monolayer, the surface
density of NCAM-His10 was 2.3( 0.9 × 104/µm2, while
the PSA-NCAM-His10 coverage was 4.3( 0.9× 104/µm2.
Including 10 mM ethylenediaminetetraacetic acid (EDTA)
in the running buffer confirmed the adsorption specificity
of both NCAM and PSA-NCAM. EDTA chelates nickel
ions and prevents binding between the NTA headgroups and
histidine. Measurements with EDTA in the buffer showed
no appreciable adsorption of either NCAM-His10 or PSA-
NCAM-His10. The difference in surface density indicates that
PSA-NCAM packs more densely than NCAM when bound
to the lipid monolayer. This difference is further supported
by the NR results described below.

XR: Lipid Monolayer.XR profiles were first generated
with a pure Ni-NTA-TRIG-DLGE monolayer at the air-
water interface of the Teflon trough, before adding the
protein. Figure 3a shows the reflectivity profile for the NTA-
TRIG-DLGE monolayer, which was also described previ-
ously (25). We analyzed the reflectivity profile for the lipid
monolayer with the fitting program Parratt32 (Hahn Meitner
Institute, Berlin, Germany), which fits the data using a series
of box layers, each with a distinct electron density, thickness,
and roughness factor. The parameters of the box model were
continuously adjusted to obtain the best model fit to the
experimental data, as defined by minimizingø2. The reflec-
tivity curve in Figure 3a is best described with a two-layer
box model (s, Figure 3a). The thickness of the first layer is
12.2 ( 1 Å with an electron density of 0.24( 0.04 e-/Å3

and corresponds to the alkane region of the lipid (Table 1).
This closely matches the 14.5 Å thickness determined
previously (25). Likewise, the second 17.3( 1 Å layer
corresponds to the lipid headgroup and spacer. This gives a
total thickness of 29.4 Å, in quantitative agreement with the
previous findings (25).

NCAM.Figure 3a also shows the XR profile obtained with
the full NCAM ectodomain, NCAM-His10, bound to the
NTA-TRIG-DLGE monolayer. This is plotted with the
profile of the lipid layer for comparison. The clear shifts in
the curve show that NCAM binds to the lipid monolayer. In
addition, fits of the spectrum to the two-layer lipid monolayer
model resulted in a poor fit (ø2 ) 7.03). However, the
addition of a single-box layer to the lipid model described
the reflectivity profile (Figure 3a). The electron density of
the solvent was also adjusted for the added salt. The fitted
values for the lipid layer changed little, despite being allowed
to vary in the fitting process. The NCAM layer thickness
might be expected to be approximately 280 Å ()7 × 40 Å)
because of the seven domains, if the protein lacked a hinge
and aligned perpendicular to the membrane. However, the
data analysis gives the best fit with an additional 206( 7 Å
protein layer with a 9.6( 3 Å roughness factor (Figure 3a
and Table 1). Although this is shorter than the 280 Å end-
end length of the extended protein, it is not unexpected. Force
measurements between opposed NCAM-His10 monolayers
on supported bilayers also indicated a smaller steric thickness
than expected for a fully extended protein (17).

Figure 3c shows the electron-density profile of the
supported NCAM monolayer. The fitted electron density for
the protein box is 0.35( 0.02 e-/Å2. The electron density
of a protein is 0.42 e-/Å2 (26), and the electron density of
the solvent containing 100 mM NaCl is 0.335. On the basis
of the NCAM surface density on a NTA-TRIG-DLGE

monolayer (2.5× 10-17 m2/NCAM), measured by SPR and
isotope labeling (17), and on the crystallographic dimensions
of one of the seven NCAM domains (radius of 11 Å, and
height of 40 Å), the estimated volume fraction of NCAM in
the protein layer is∼0.20. The calculated average electron
density of the hydrated protein layer is therefore∼0.35 e-/Å2

FIGURE 3: Specular XR profiles of NCAM and lipid monolayers.
(a) Reflectivity profiles of the NTA-DLGE monolayer (blue circles)
and immobilized NCAM-His10 (red squares) immobilized on an
NTA-TRIG-DLGE monolayer at the air-water interface. The error
bars are the size of the data points. The subphase in both cases
contained 100 mM NaCl. The solid lines follow the data within
error and are the best model fits to the data. (b) Specular XR profiles
of immobilized PSA-NCAM-His10 immobilized on an NTA-TRIG-
DLGE monolayer at the air-water interface in 1 M NaCl (blue
circles) and 100 mM NaCl (red squares). The sizes of the symbols
are the same as the error bars. The solid lines, which follow the
data within the limits of error, are the best model fits to the data.
The model parameters are in Table 1. (c) Calculated electron-density
profiles of NCAM and PSA-NCAM monolayers. Here,Z ) 0
corresponds to the ends of the alkane tails. The solid line is the
electron-density profile for the unmodified NCAM convolved with
a Gaussian smoothing function to account for the roughness. The
red dotted line shows the model profile for NCAM in 100 mM
NaCl; the black solid line shows the model profile for PSA-NCAM
in 100 mM NaCl; and the blue dashed line shows the profile for
PSA-NCAM in 1 M NaCl.
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[)(0.2 × 0.42) + (0.8 × 0.335)], in good agreement with
the fitted value.

PSA-Modified NCAM (PSA-NCAM). To determine the
segment density profile of the carbohydrate chains relative
to both the membrane and the NCAM ectodomain, PSA-
NCAM-His10 was bound to the Ni-NTA-TRIG-DLGE mono-
layer, as described for NCAM-His10. Figure 3b (blue circles)
shows the reflectivity profile of the PSA-NCAM-His10 in
a buffer containing 100 mM NaCl. These data were best-fit
by adding a third layer to the two-layer lipid model. The
fitted glycoprotein layer thickness was 291( 10 Å with an
electron density of 0.35( 0.01 (Table 1). Again, the values
for the alkane layer and lipid headgroup of the NTA-TRIG-
DLGE did not change significantly upon protein binding
(Table 1). The calculated electron-density profile is shown
in Figure 3c. The 291 Å thickness exceeds that of the
NCAM-His10 monolayer, although the low contrast between
the carbohydrate and water prevents determining the exact
thickness of the glycoprotein.

The model fit also exhibits a large degree of roughness
(15 ( 4 Å) between the glycoprotein and the bulk solvent
(Table 1). Because the electrostatic repulsion between sialic
residues increases the carbohydrate (polyelectrolyte) swelling,
the large polymer extension and increased thickness of the
glycoprotein layer is expected. The diffuse polymer-solvent
interface and the polydispersity of PSA can account for the
roughness.

Previous studies suggested that the charges of the sialic
acid monomers contribute substantially to the repulsive
properties of the carbohydrate (15, 27). The electrostatic
repulsion between segments swells the polyelectrolyte. The
charges are screened at high ionic strength, so that the radius
of gyration and hence the excluded volume decrease with
increasing salt concentration (14, 27). To quantify the effect
of the ionic strength on the PSA extension, we repeated the
measurements of PSA-NCAM-His10 with 1 M NaCl in the
buffered subphase. To do this, we used the same protein
monolayer but exchanged the subphase. This ensured that
changes in the profile were solely due to the influence of
the ionic strength on the carbohydrate configuration.

Figure 3b shows the XR profile for PSA-NCAM in 1 M
NaCl (red squares). In this case, the reflectivity spectrum
was also fit by adding an additional box with a thickness of
190( 7 Å to the lipid model (Table 1). Again, the electron
density of the solvent was adjusted for the added salt. In
comparison to the XR data obtained with 100 mM NaCl,
the best-fit model clearly shows a large shift in the electron-
density profile (Table 1). The glycoprotein thickness is much
smaller than that of the PSA-NCAM in 100 mM NaCl. The
electron density was also slightly higher at 0.361( 0.01
e-/Å3. Figure 3c shows the calculated electron-density
profile. This reduction in the overall thickness and concomi-
tant increase in the electron density near the membrane
indicate that the PSA chains collapse at the higher salt
concentration. Concomitant with the changes in the glyco-
protein parameters, we also note that the fitted electron
density of the lipid headgroup decreases slightly. This may
be due to the increased PSA-segment density near the lipid
headgroup. This could reduce the contrast between the two
layers, so that the fitted electron-density parameter would
be closer to an average of the two boxes.

NR: Lipid Bilayer.NR studies were also conducted with
NCAM-His10 and PSA-NCAM-His10 immobilized on lipid
bilayers supported on silicon blocks (Figure 1b). Reflectivity
measurements were first conducted with the bare silicon
block to determine the thickness of the superficial oxide layer
and to quantify the surface roughness. Then, all of the
measurements were performed with two buffer solutions of
different SLD, namely, D2O solutions with a SLD of 6.4×
10-6 Å-2 and “silicon-matched water” (SMW) and a blend
of H2O/D2O with a SLD of 2.1× 10-6 Å-2. The parameters
were determined by globally fitting the data obtained with
both solvent contrasts, using AFIT (28). This program fits
the NR spectra to a series of box layers with parameters for
each box that are each allowed to vary. Parameters used for
model fitting include the thickness, SLD, roughness, and
degree of hydration. The measured SLDâmeasis

wherex is the volume fraction of the adlayer andâlayer and
âsolventare the SLDs of the layer, e.g., protein or hydrocarbon
and solvent, respectively.

The parameters for the single-box layer used to describe
the silicon block were varied independently until a best fit
between the theoretical model and experimental spectrum
was obtained. Fitting the NR data measured with the bare
silicon gave a 12( 2 Å oxide layer, with a 3( 2 Å
roughness and an SLD of 3.4( 0.1× 10-6 Å-2. This agrees
with previously determined values for UV/ozone-treated
silicon-block surfaces (29).

After the characterization of the oxide layer, a lipid bilayer
composed of a gel-phase DPPC inner leaflet and a fluid Ni-
NTA-TRIG-DLGE outer leaflet was deposited on the silicon
block (Figure 1b). The NR profile was then measured in both
buffered D2O (Figure 4a) and SMW. The constraints imposed
by the simultaneous (global) fitting of both solvent contrasts
yielded a unique model, composed of five layers (Figure 4a
and Table 2). The use of fewer boxes gave poorer fits. The
first layer after the silicon oxide is a 5( 2 Å water film.
Adjacent to this is the 6( 2 Å DPPC headgroup, with an
SLD of 1.3 ( 0.3 × 10-6 Å-2, followed by a 32( 1 Å

Table 1: Model Parameters Obtained from Fits of XR Profiles

sample
(layers)

thickness
(Å)

density
(e-/Å3)

roughness
(Å) ø2

lipid
1 alkane 12.2( 1 0.24( 0.01 4( 1
2 headgroup 17.3( 1 0.52( 0.07 4( 2
3 solvent 0.335 4( 2 0.18

NCAM
1 alkane 13.5( 1 0.3( 0.04 4( 1
2 headgroup 16( 1 0.48( 0.07 4( 1
3 protein 206( 7 0.35( 0.02 5( 2
4 solvent 0.335 9.6( 3 0.70

PSA-NCAM
(100 mM NaCl)
1 alkane 13( 1 0.28( 0.04 4( 2
2 headgroup 15( 1 0.46( 0.03 4( 1
3 protein 290.9( 5 0.35( 0.01 8.8( 2
4 solvent 0.335 15( 4 0.23

PSA-NCAM
(1 M NaCl)
1 alkane 13.7( 1 0.24( 0.08 4( 1
2 headgroup 19.2( 2 0.43( 0.02 4.2( 1
3 protein 190( 7 0.36( 0.01 8( 1
4 solvent 0.346 25( 5 0.29

âmeas) xâlayer + (1 - x)âsolvent (1)
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alkane layer and a 19( 3 Å layer for the hydrated headgroup
and NTA linker (Table 2). Figure 4c shows the calculated
SLD profile. In the region corresponding to the lipid alkane
chains, the SLD is higher than expected at 0.74( 0.1 ×
10-6 Å-2. Nevertheless, the fits were highly sensitive to the
SLD of this layer, with deviations of(0.01 worsening the
fit significantly. Moreover, this higher-than-expected value
was consistent across all of the samples investigated. Even
though the XR and NR curves were obtained with different
samples and fit independently, the best-fit model parameters
for the NTA-TRIG-DLGE monolayer agree closely with
those obtained from the XR data.

NCAM. To determine the thickness of the immobilized
NCAM-His10 bound to the lipid bilayer, we carried out NR
measurements of the protein monolayer with both D2O and
SMW contrasts. The NCAM was assembled onto the same

bilayer used to generate the bilayer data. The NCAM-His10

reflectivity spectrum is also shown in Figure 4a, for
comparison. There are statistically significant changes in the
spectrum upon protein binding, at both low and highQz.
The best model fit to the data (Figure 4a), obtained with
both the hydrated D2O and SMW buffers, is a six-box model
in which the protein is described by a single additional layer
and the NTA headgroup and linker are described by a single
layer. Values for each parameter in the model could vary
during the fits. This included the parameters for the lipid
bilayer, to account for any changes induced by protein
adsorption. Table 2 summarizes the best-fit model param-
eters. The NTA headgroup and linker have nearly the
identical overall thickness of 19( 3 Å (Table 2) compared
with the X-ray results. The roughness of the lipid headgroup
box increased slightly to 9( 3 Å. This difference is subtle,
but it may be due to some disordering of the headgroup upon
protein adsorption. Figure 4c shows the corresponding SLD
profile. The fact that the values for the other lipid layers
were virtually unchanged indicates no membrane disruption.
The fitted thickness of NCAM-His10 was 199( 5 Å, with
a SLD of 3.0( 0.3× 10-6 Å-2 and a roughness of 12( 4
Å (Table 2). This agrees qualitatively with the XR results.

PSA-NCAM. The steric dimensions of PSA-NCAM-
His10 were also investigated at low (100 mM) and high (1
M) NaCl concentrations. Figure 4b shows the NR profile
obtained with immobilized PSA-NCAM-His10 in a buffered
D2O subphase containing 100 mM NaCl. In this case, the
addition of two additional boxes to the lipid model gave the
best fit to the data. The separation of the outer PSA-NCAM-
His10 into two layers increased the sensitivity of the fits to
gradients in the SLD (30). Table 2 summarizes the best-fit

FIGURE 4: Specular NR profiles of NCAM and lipid monolayers.
(a) NR profile of the silicon-supported lipid bilayer (b) and
immobilized NCAM-His10 (O) monolayers on the silicon-supported
lipid bilayer. The solid lines are the best model fits to the data. (b)
Specular NR profile of PSA-NCAM-His10 immobilized on a
supported lipid bilayer in 1 M NaCl (b) and 100 mM NaCl (O).
The solid lines are the best model fits to the data. (c) SLD profiles
of NCAM and PSA-NCAM on a lipid bilayer supported on the
silicon block. Here,Z ) 0 is the silicon-silicon oxide interface.
The dotted line shows the model profile for NCAM in 100 mM
NaCl; the solid line shows the model profile for PSA-NCAM in
100 mM NaCl; and the dashed line shows the profile for PSA-
NCAM in 1 M NaCl.

Table 2: Fitted Parameters from the Models of the NR Profiles

sample
(layers)

thickness
(Å)

SLD
(×10-6 Å-2)

hydration
(%)

roughness
(Å) ø2

lipid
1 silicon 12( 2 3.4( 0.1 0( 3 3 ( 2
2 water 5( 2 100 2( 1
3 headgroup 6( 2 1.3( 0.3 3( 2 4 ( 2
4 alkane 32( 1 0.7( 0.1 6( 3 4 ( 2
5 headgroup 19( 3 2.7( 0.2 52( 5 6 ( 3 1.4

NCAM
1 silicon 10( 3 3.4( 0.1 0( 3 4 ( 2
2 water 5( 2 100 1( 1
3 headgroup 6( 2 1.3( 0.3 5( 2 1 ( 1
4 alkane 32( 1 0.7( 0.1 4( 2 4 ( 2
5 headgroup 19( 3 2.5( 0.2 45( 5 9 ( 3
6 protein 199( 5 3.0( 0.3 87( 4 12( 4 2.1

PSA-NCAM
(100 mM NaCl)
1 silicon 10( 3 3.4( 0.1 0( 3 3 ( 2
2 water 5( 2 100 2( 1
3 headgroup 5( 2 1.2( 0.3 10( 3 2 ( 2
4 alkane 32( 1 0.7( 0.1 7( 3 4 ( 2
5 headgroup 24( 5 2.0( 0.4 46( 4 12( 3
6 protein 115( 5 3.6( 0.4 74( 4 12( 4
7 protein 162( 6 4.2( 0.4 83( 5 12( 4 2.3

PSA-NCAM
(1 M NaCl)
1 silicon 10( 3 3.4( 0.1 0( 3 2 ( 1
2 water 7( 2 100 3( 1
3 headgroup 6( 2 1.0( 0.3 7( 3 3 ( 2
4 alkane 33( 1 0.7( 0.1 9( 4 4 ( 3
5 headgroup 34( 5 1.9( 0.4 57( 3 17( 4
6 protein 97( 5 3.6( 0.4 62( 5 15( 4
7 protein 71( 6 4.5( 0.4 68( 5 16( 4 2.1
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parameters. The results resemble the overall model param-
eters obtained from the analysis of the X-ray profile (Table
1). The fitted overall thickness of the two additional boxes
for the glycoprotein layer is 277( 6 Å. This consists of
two layers of thickness 115( 5 and 162( 6 Å, with
respective SLDs of 3.6( 0.4× 10-6 and 4.2( 0.4× 10-6

Å-2 and a roughness value of 12( 4 Å (Table 2). Figure 4c
shows the calculated SLD profile. The box attributed to the
lipid headgroup showed a significant change in the thickness
and SLD (Table 2), and attempts to further distinguish the
lipid headgroup from the PSA-NCAM did not improve the
fit. The 5 Å increase in the “head group” box from 19 to 24
( 6 Å is attributed to the reduced contrast between the
glycoprotein and headgroup and is ascribed to the protein.
The overall glycoprotein thickness is thus∼284 Å, in good
agreement with the 290 Å thickness obtained by XR. The
reduced hydration in these two glycoprotein layers relative
to that of the unmodified NCAM is consistent with the
increased surface coverage of PSA-NCAM, measured by
SPR (Figure 2). The increased thickness of the protein layers,
along with the increase in the SLD of the glycoprotein box-
(es), also agrees with the X-ray model. These data support
the hypothesis that the excluded volume of the PSA extends
beyond the unmodified NCAM at near-physiological NaCl
concentrations.

To investigate the effect of ionic strength on the excluded
volume of the PSA, the buffer bathing the protein was
exchanged with one containing 1 M NaCl. The comparison
was with the same sample, so that the only change would
be due to ionic-strength-dependent changes in the polymer
configuration. Figure 4b shows the reflectivity profile of
PSA-NCAM-His10 bathed in buffered D2O containing 1 M
NaCl. Again, the data were fit by describing the glycoprotein
by two additional boxes, in addition to the layers for the
lipid, oxide, and thin water film. Table 2 gives the results of
the box-fitting algorithm. In contrast to the model obtained
with 100 mM NaCl, the best model fit to the data in Figure
4b shows a clear reduction in the overall glycoprotein
thickness to 168 Å ()97 + 71 Å). In addition, the hydration
in both layers decreased significantly. In turn, this increased
the overall SLDâmeas (eq 1) near the base of the protein.
We attribute this reduction in the glycoprotein thickness,
together with the “dehydration” of the layer, to a reduction
in the carbohydrate extension and an increase in the segment
density near the protein base. The “NTA-linker” box is also
broader, because of the decreased contrast between the
tethered NTA and the glycoprotein. The overall thicknesses
of the glycoprotein monolayers determined from model fits
to both the XR and NR data at this high salt concentration
agree qualitatively with each other. Both also agree with the
expected reduction in the excluded volume of the PSA
because of electrostatic screening of the sialic acid charges
at high ionic strength.

DISCUSSION

The properties of the NTA-TRIG-DLGE monolayer and
supported bilayer determined in this study are in excellent
agreement with prior results. The electron-density profile
obtained from the analysis of the XR spectrum of the Ni-
NTA-TRIG-DLGE monolayer is described by two distinct
regions. The determined thickness and electron density of
the alkane region match the previous reflectivity analysis

of the Ni-NTA-TRIG-DLGE monolayer that reported an
alkane layer thickness of 14.5 Å (25). The fitted thickness
of the hydrophilic headgroup also agrees with the previous
report, within the error of(3 Å and (0.01 e-/Å-3. This
demonstrates the reproducibility of the monolayer assembly
and lipid organization.

The analysis of the NR profile of the lipid bilayer under
the constraints of two solvent contrasts and the use of
physically realistic parameters yielded a model with values
expected for an intact, homogeneous lipid bilayer. The
superficial oxide layer of the silicon block is separated from
the bilayer by a thin water film. The bilayer is composed of
three layers, namely, a DPPC headgroup, an alkane layer,
and the NTA-TRIG-DLGE headgroup. The fitted DPPC
headgroup thickness is within 2 Å of that previously reported
(29). The fitted alkane layer thickness of 32( 1 Å agrees
with the measured values of 17.5 Å for the gel-phase
hydrocarbon tails of DPPC (31) and the measured 13( 1 Å
hydrocarbon thickness of the fluid NTA-TRIG-DLGE [Table
1 (25)]. From the neutron data, the thickness of the hydrated
NTA-TRIG-DLGE headgroup was modeled as a single layer,
with a slightly greater thickness than determined by XR.
Overall, the models of the lipids obtained with both the
neutron and X-ray data agree with the known values for these
lipid layers.

The model parameters for the NCAM ectodomain obtained
by both XR and NR support a model in which the membrane-
bound NCAM ectodomain is bent. In both reflectivity
models, the single box describing the full NCAM ectodomain
was much smaller than the 280 Å end-end length expected
if the seven domains adopted a rigid, linear structure oriented
perpendicular to the membrane. This shorter-than-expected
thickness also agrees qualitatively with the measured steric
thickness of the protein monolayers determined by direct-
force measurements (17). In contrast, force measurements
showed that the Ig1-5 segment of NCAM is extended and
orients normal to the membrane (17). The polyhistidine tag
and NTA tether do not therefore tilt the protein. These data
suggest that the bend in the ectodomains seen in the EM
images is C-terminal to the fifth Ig domain (5, 6). This hinge
would tilt the protein relative to the surface normal and
reduce the net protein extension (thickness) perpendicular
to the membrane. A model interpretation of these data is
shown in parts b and c of Figure 5.

The NR and XR results for NCAM are in close agreement.
Close inspection of the unmodified NCAM thickness values
obtained with the X-ray and neutron models shows a slight
quantitative difference. This could be due to a combination
of experimental error and the protein layer roughness or to
the influence of the different underlying substrates.

The increase in the thickness of the PSA-NCAM-His10

relative to that of the NCAM-His10 suggests the mechanism
by which PSA inhibits cell adhesion. Parts b and c of Figure
5 show the structural interpretations of the XR and NR
models of PSA-NCAM-His10 monolayers in 100 mM and
1 M NaCl solutions, respectively. In both the XR and NR
data, the best-fit models of the overall thickness of the PSA-
NCAM layer in 100 mM NaCl agree within 5 Å, and the
roughness values for the glycoprotein layers are high in both
cases. The glycoprotein thickness from both independent
models shows a large increase in the overall thickness relative
to that of the unmodified NCAM. These data show quanti-
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tatively that the PSA chains extend beyond the protein core
at near-physiological NaCl. These findings do not rule out
additional effects of PSA on possible cis (lateral) interactions.
However, the polymer dimensions would generate an elec-
trosteric repulsive barrier that would prevent the close
approach of opposed cells. This is further supported by recent
force measurements between PSA-NCAM monolayers,
which show that NCAM sialylation increases the range and
magnitude of the interbilayer repulsion and abrogates
NCAM-mediated adhesion (35).

The extension L of grafted polyelectrolyte chains normal
to a surface depends on the molecular weight and grafting
density (14). It is possible that the chains are stretched
because of crowding at the NCAM densities used in this
work. On the basis of antibody-labeling studies, the NCAM
density on F11 cells is∼98 µm-2, which is about 40 times
lower than used in these measurements. On the other hand,
a different study showed that NCAM is located in clusters
(32), which would have a higher local density. It is difficult
to say which of these is the most physiologically relevant.
It is useful to consider the range of possible polymer
extensions over a range of NCAM densities. At a 40-fold
lower density where there is little lateral-chain interactions,
the polymer will adopt the configuration of free chains in

solution. In solution, sialylation doubled the hydrodynamic
radius of NCAM (27), indicating that the excluded volume
of the chains is larger than the protein core. For charged
polymers in good solvent and monovalent electrolyte, the
theoretically predicted size of the PSA (N ) 100) would be
∼76 nm (33). The size also scales withN3/5 (33). Because
the chains are grafted to Ig domain 5, which is 90 nm from
the membrane surface, ideal, freely jointed, monodisperse
chains would extend 90+ 76) 166 nm from the membrane.
Under these conditions, they would still envelop 83% of the
ectodomain and interfere sterically with binding between
fully overlapping Ig1-5 segments and antiparallel Ig12
domains (17).

These measurements provide a structural interpretation of
the ionic strength dependence of adhesion between cells
expressing PSA-NCAM (Figure 5). The fitted model for
PSA-NCAM in 1 M NaCl (parts a and c of Figure 5) shows
a significant shift in both the electron density and the SLD.
In the XR and NR models, the overall thickness decreases
and the segment density near the base of the protein
increases. These results confirm previous evidence for the
reduction in the excluded volume of PSA at high ionic
strength (27). They show further that, in 1 M NaCl, the PSA
does not extend beyond the range of the NCAM ectodomain,
because the SLD of the outer layer in the neutron studies
matches that of the unmodified NCAM. The polymer-
segment density clearly shifts at high ionic strength, such
that the N-terminal Ig domains could lie outside the excluded
volume occupied by the carbohydrate. These results can
explain the recovery of adhesion between PSA-NCAM-
expressing cells in 0.5 M NaCl (27). The chain collapse
reported in this study would reduce the range and magnitude
of the osmotic repulsion between cells and possibly expose
the outer Ig domains. Both effects would increase the
adhesion between adjacent cells.

For the PSA-NCAM models in both 100 mM and 1 M
NaCl, the glycoprotein/subphase interface was rough. This
degree of interfacial roughness is most likely due to the
polydispersity of the carbohydrate, which would generate a
gradual decay in the density profile rather than the sharp
cutoff assumed in the box model. This dispersity could also
affect the configuration of the collapsed brush at high ionic
strength, if most of the PSA occupies the reduced volume
but some chains extend beyond the collapsed configurations.
Indeed, a recently published theoretical description of a
bidisperse anisotropic brush predicted that the segment-
density profile would decrease gradually (34). However,
given the limited contrast in these measurements, we are
unable to elaborate on more subtle features of the carbohy-
drate-density profile.

In summary, these structural analyses support the hypoth-
esis that PSA regulates NCAM function and cell adhesion
in general, by increasing the excluded volume of glycoprotein
and the associated range and magnitude of the repulsive
pressure between adjacent cells. Despite the independent
fitting of both the NR and XR data, the resultant models
agree qualitatively for every sample in which a comparison
can be made. It is also important to point out that, even
though all parameters were allowed to vary in the fitting
procedures, they are constrained by physically realistic
models of these well-characterized systems (17, 25, 29). For
example, the thicknesses, electron densities, and SLDs of

FIGURE 5: Model interpretations of the electron-density profiles
in Figures 3c and 4c. The box models describing the XR profiles
are shown in a. The black figure in b and c indicates the NCAM
ectodomain configuration compatible with the measured thickness
and proposed bend in the structure. The structure in b shows the
proposed excluded volume of the PSA in 100 mM NaCl, and the
structure in c indicates the excluded volume of PSA in 1 M NaCl.
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the lipid layers agree with previously determined values (25,
29). Moreover, from fits of spectra obtained with adsorbed
NCAM, the parameters for the lipids agreed with values
determined both in prior reports and in measurements of the
identical layers prior to the protein adsorption. Furthermore,
the fitted thickness of the protein agreed with the steric
thickness quantified in direct-force measurements (17). The
added constraints placed on the global fits of the NR data
and the use of multiple contrasts further eliminated many
models that would be considered degenerate with only one
solvent contrast. It should be noted that the fits are to the
models and do not constitute direct evidence of the structure
of the glycoprotein. Nevertheless, the agreement between the
parameters thus determined and these several physical
constraints, together with the consistency of the independent
XR and NR analyses, results in a high degree of confidence
for the conclusions reached.
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