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ABSTRACT: The neural cell adhesion molecule (NCAM) is a cell surface multimodular protein, which
plays an important role in cell-cell adhesion by homophilic (NCAM-NCAM) and heterophilic (NCAM-
non-NCAM molecules) binding. In the present study, the backbone dynamics of the first three
immunoglobulin-like (Ig) modules of NCAM have been investigated by NMR spectroscopy. Ig1, Ig2,
and Ig3 share low sequence identity but possess the same fold and have very similar three-dimensional
structures.15N longitudinal and transverse relaxation rates and heteronuclear NOEs have been measured
and subsequently analyzed by the axial symmetric Lipari-Szabo modelfree formalism to characterize
fast (pico- to nanosecond) and slow (micro- to millisecond) motions in the three protein modules. We
found that backbone motions of residues located in theâ-strand regions are generally restricted, while
increased flexibility is observed in turns and loops. In all three modules, residues located in the segments
connecting the C- and D-strand plus residues located in the segment connecting the E- and F-strand show
significant chemical exchange on the micro- to millisecond time scale. In addition, a number of residues
with small chemical exchange contribution seem to form contiguous regions in theâ sheets, suggesting
that these motions might be correlated. Only few residues in the homophilic binding sites in the NCAM
Ig1 and Ig2 modules show increased flexibility, indicating that the Ig1-Ig2-mediated NCAM homophilic
binding does not depend on the local backbone mobility of the interacting modules.

The neural cell adhesion molecule (NCAM)1 belongs to
the Ig superfamily (IgSF) of cell-adhesion molecules. It
mediates Ca2+-independent cell-cell adhesion by homophilic
binding, where NCAM molecules on opposing cell mem-
branes bind each other (1). This homophilic NCAM binding
plays an important role in many processes such as dif-
ferentiation, survival, and neuronal plasticity (2). Alternative
splicing of mRNA generates three major NCAM isoforms,
which have identical extracellular parts consisting of five
N-terminal Ig-like modules followed by two fibronectin type
III (Fn3) repeats. The molecular mechanisms of the NCAM-
mediated cell-cell recognition and complex formation have
been studied extensively, but it is still controversial which
of the extracellular modules are involved and how they
interact (3-9). The three-dimensional structures of the Ig1,
Ig2, and Ig3 modules have been determined by NMR
spectroscopy and classified as I1 set of Ig modules (7, 9,
10). The structures of the Ig1-Ig2 double module and the

Ig1-Ig2-Ig3 triple module fragments have been determined
by X-ray crystallography (8, 11). Both structures indicate
that the contacts between Ig1 and Ig2 are very important for
the NCAM homophilic binding.

NMR spin relaxation methods are widely used to study
protein dynamics in solution, and for many proteins, a
relationship between protein flexibility and function has been
documented. Flexible parts of a protein backbone are often
associated with a ligand-binding site or residues important
for the biological function (12-14). In the present work, the
backbone dynamics of recombinant Ig1, Ig2, and Ig3 rat
NCAM have been analyzed to determine common dynamic
properties of the Ig fold and features that might be related
to homophilic cell-cell adhesion in NCAM.

MATERIALS AND METHODS

Uniformly 15N-labeled samples of rat NCAM Ig1, Ig2, and
Ig3 were prepared and purified as described previously (7,
10). NMR signal assignment and structural data of Ig1 and
Ig2 modules have already been published (7), and similar
data for Ig3 are in preparation (Soroka et al., unpublished
data). These assignments were used in the analysis of the
backbone dynamics. Dynamic information was obtained from
measurements of the15N-relaxation time constants (T1 and
T2) and heteronuclear1H-15N NOEs using sensitivity-
enhanced proton-detected pulse schemes (14) on 0.7, 1, and
3.5 mM samples of uniformly15N-labeled Ig1, Ig2, and Ig3,
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respectively, For the Ig3, the15N-relaxation time measure-
ments (T1 and T2) were repeated on a sample of 0.7 mM.
The samples were prepared in 5 mM phosphate buffer at
pH 7.4 and 150 mM NaCl in 90% H2O/10% D2O. All NMR
data were acquired at 25°C on a Varian Unity 750 MHz
spectrometer equipped with a triple resonance probe and
pulsed-field gradients. Spectra for determination ofT1 and
T2 of Ig1 and Ig2 were recorded using spectral widths of
3200 × 12 000 Hz and acquisition sizes of 128× 1890
complex points in thet1 × t2 dimensions with 16 transients
per t1 experiment and a recycle delay of 1.5 s. For Ig3, the
acquisition sizes were increased to 256× 1890 complex
points, while only 8 transients were necessary because of
the higher protein concentration.T1 experiments were
recorded with 10 delays of 10, 50, 150, 200, 300, 330, 450,
600, 800, and 1200 ms, andT2 experiments were recorded
with 10 delays of 10, 30, 50, 70, 90, 110, 150, 190, 210,
and 250 ms.1H-15N NOE values were determined from two
spectra recorded with and without proton saturation. Spectral
widths and acquisition sizes were the same as those for
determination ofT1 andT2, but the number of transients were
increased to 32 for eacht1 increment. A recycle delay of 7
s was employed for spectra in the absence of presaturation,
whereas a 3 srecycle delay followed by 4 s proton saturation
was used in the NOE spectra. All NMR data were processed
using NMRPipe software (15). The spectra were weighted
with a phase-shifted sine bell int1 and t2 and zero-filled to
double size in each dimension prior to Fourier transformation.
Peak heights were measured using Pronto (16). 15N-relaxation
times (T1 andT2) were determined from a nonlinear least-
squares fit of an exponential curve to the measured peak
heights. NOE values were determined as theIsat/Iunsat ratio,
where Isat and Iunsat are peak heights in spectra with and
without proton saturation. Uncertainties of the NOE values
were estimated from the baseline noise (14).

RESULTS

The 2D NH-correlated NMR spectra of Ig1, Ig2, and Ig3
are well-resolved and have a high S/N ratio even at the
relative high pH of 7.4.T1 andT2 were reliably determined
for 90 of 96 amide groups in Ig1, 79 of 89 in Ig2, and 88 of
102 in Ig3. For a few residues, the NOEs exceed unity by
up to 10%. This indicates errors in the estimated peak heights
in the NOE or NONOE spectra. Such effects could arise from
insufficient proton saturation in the NOE experiment or the
presence of residual saturation in the NONOE experiment.
Special care was taken to avoid either of these two cases,
and because no systematic deviation seems to be present in
the data, this is unlikely to be the explanation. It is more
likely, that artifacts in the NOEs are introduced at solvent-
exposed positions with fast exchange between amide and
solvent protons, which is especially pronounced at the
elevated pH of 7.4. Relaxation parameters for the residues
in question were eliminated from further analysis. For Ig3
theR1 andR2 were measured at two concentrations 0.7 and
3.5 mM. The comparison showed that the averageR1 was
1.4( 0.1 and 1.3( 0.1 s-1 at 0.7 and 3.5 mM, respectively,
and correspondingly forR2, 11.2( 0.8 and 10.8( 0.8 s-1.
The concentration dependence corresponds to a marginal
difference in the derived correlation time of 6.9( 0.2 and
6.7 ( 0.3 ns. The correlation time for Ig1 and Ig2 were 5.4
( 0.2 and 5.6( 0.2 ns, respectively.

The relaxation parameters of Ig1, Ig2, and Ig3 were
analyzed by Lipari-Szabo modelfree formalism (17). In this
model, the internal motions are described in terms of an
overall rotational diffusion tensor for the molecule, a
generalized order parameter, and an internal correlation time.
The relaxation rates are dependent on the orientation of the
relaxation mechanisms, relative to the rotational diffusion
tensor of the molecule (18), and even a small degree of
anisotropy can introduce errors in the dynamical parameters
(19, 20). To evaluate the degree of anisotropy for Ig1, Ig2,
and Ig3, hydrodynamic calculations of the rotational diffusion
tensor were performed with HYDRONMR version 5.0a (21).
In this way, the three components (Dxx, Dyy, and Dzz) of the
rotational diffusion tensor were predicted to 1.89× 107, 1.85
× 107, and 3.18× 107 s-1 for Ig1; 2.06× 107, 2.02× 107,
and 3.18× 107 s-1 for Ig2; and 1.37× 107, 1.34× 107, and
2.88× 107 s-1 for Ig3. The anisotropy is given byA ) (Dxx

+ Dyy)/2Dzz. Using this relation, the anisotropy of the three
Ig modules in solution can be estimated to 1.7, 1.7, and 2.1
for Ig1, Ig2, and Ig3, respectively, indicating anisotropic
tumbling as the values deviate from unity. This calculation
indicates that the hydrodynamic properties of Ig1 and Ig2
are very similar, while the tumbling of Ig3 might be slightly
more anisotropic. On the basis of this calculation that clearly
indicates anisotropic tumbling of all three modules, the axial
symmetric modelfree spectral density function (18) was
chosen to derive the dynamical parameters of the three
NCAM modules. Optimization of the rotational diffusion and
the modelfree parameters against the experimental data was
performed using TENSOR version 2.0 (22). In the Lipari-
Szabo modelfree treatment, five different models with up to
three parameters describing the internal motions were
employed. In model 1, only the order parameterS2 is
optimized. In model 2,S2 and the internal correlation time
τi are optimized. Model 3 is identical to model 1 but with
addition of the exchange contributionRex to R2. Model 4 is
the same as model 2 but includesRex. In model 5,S2, the
fast motion order parameterSf

2, andτi are optimized. Model
selection is based on extensiveF-statistical testing and
implemented in TENSOR version 2.0 (22). The experimental
relaxation parametersR1, R2, and 1H-15N NOEs plus the
modelfree variablesS2 andRex are plotted against the residue
number in Figures 1-3. S2 reflects fast motions in the nano-
to picosecond range (10-9-10-12 s), whereas theRex is
related to slower motions from the interchange between
different molecular conformations on the milli- to micro-
second (10-3-10-6 s) time scale.Rex is a function of the
chemical-shift differences, the equilibrium populations of
different conformational states, and the exchange rates
between these states. Slow exchange between different
species results in overestimation ofR2 from the relaxation
dispersion curves, whereR2

obs ) R2
0 + Rex, which clearly

can be seen from the experimental data (Figures 1-3), where
Rex systematically is modeled for residues with increasedR2

values. Because the exchange rates between the different
conformations are not determined in these experiments,Rex

is interpreted only qualitatively.

The average order parametersS2 are within the range of
their standard deviations and very similar for the Ig1, Ig2,
and Ig3 modules: 0.87( 0.11, 0.88( 0.06, and 0.81(
0.08, respectively. Only a few residues in Ig1 and Ig3 were
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found to have order parameters smaller than 0.7, which is
typically the lower limit for residues in regular secondary
structure (20). These observations indicate that all three
modules have quite rigid backbone structures. From the upper
panels in Figure 1, it can be seen that theS2 value deviates
along the backbone in all three modules. Lower values are
typically found in or near turns and loops but not restricted
to these regions. A number of residues exhibit increasedRex

values, indicating higher mobility on the micro- to mil-
lisecond time scale. Most of these residues are found in the
CD loop, the D strand, and the EF turn in all three modules
(Figures 5 and 6).

In the HSQC spectrum of Ig3, it appears that several
signals are present in dublo. The origin of these doublet
signals from one single atom has been controlled in a15N-
TOCSY-HSQC experiment, showing that both peaks origi-

nate from the same NH group. Amino acid sequencing and
MALDI -TOF mass spectroscopy have shown only one
polypeptide chain present in the sample. Moreover, it was
not possible to eliminate one of the sets by further purifica-
tion, indicating that the protein is present in two forms in
solution. Attempts to measure exchange cross peaks between
the two signals using an exchange experiments (19) failed,
suggesting that the exchange between the two forms is very
slow. Because the15N-relaxation rate constants are nearly
identical for both peaks (Figure 4) they have been considered
as one in the analysis of the backbone dynamics.

DISCUSSION

General Trends in Backbone Dynamics of the Three Ig
Modules of NCAM. The overall dynamical landscapes of the
three Ig modules have much in common. Apart from a few
exceptions, the residues occupying the centers of theâ
strands have more restricted motions on the fast time scale
than residues located in loops and turns. Because the core
regions have more inter-residue contacts, it is not surprising

FIGURE 1: Relaxation and modelfree parameters determined for
NCAM Ig1. From the top: the longitudinal relaxation rate constant
R1, the transverse relaxation rate constantR2, the heteronuclear1H-
15N NOE, the order parameterS2, and the chemical exchange
contributionRex. All parameters are shown as a function of the
residue number. Positions of theâ strands are marked in the top of
each diagram.

FIGURE 2: Relaxation and modelfree parameters determined for
NCAM Ig2. From the top: the longitudinal relaxation rate constant
R1, the transverse relaxation rate constantR2, the heteronuclear1H-
15N NOE, the order parameterS2, and the chemical exchange
contributionRex. All parameters are shown as a function of the
residue number. Positions of theâ strands are marked in the top of
each diagram.

FIGURE 3: Relaxation and modelfree parameters determined for
NCAM Ig3. From the top: the longitudinal relaxation rate constant
R1, the transverse relaxation rate constantR2, the heteronuclear1H-
15N NOE, the order parameterS2, and the chemical exchange
contributionRex. All parameters are shown as a function of the
residue number. Positions of theâ strands are marked in the top of
each diagram.

FIGURE 4: Relaxation rate constants for peaks that appear twice in
the 15N-HSQC spectrum of Ig3. The two different values of the
relaxation parameter belonging to the same residue are shown as
O andb, respectively. (a)R1 values and (b)R2 values.
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that they are constrained more strongly. Interestingly, the
indications of conformational fluctuations on the micro- to
millisecond time scale are found for several residues. The

CD loop and the EF turn connecting the twoâ sheets both
have significantly increased flexibility on the micro- to
millisecond time scale. Exchange in the CD loop is most
pronounced in Ig1 and Ig2, while exchange in the EF turn
is highest in Ig3, but increased flexibility is found in both
regions in all three modules. In addition, several other
residues have exchange terms but with a much lower
amplitude, and these residues seem to be forming contiguous
regions in all three modules. These regions span across two
or threeâ strands: Phe21, Ser53, and Thr65 in Ig1; Phe4
and Val25 in Ig2; and Ser24, His58, and Arg70 in Ig3.
Similar patterns of residues showing conformational fluctua-
tions on the microsecond time scale have been reported for
the third Fn3 module of tenacin-C, where it is suggested to
indicate collective motions such as breathing or twisting of
the â sheets (25). This protein module also forms aâ
sandwich and has a topology similar to C2-set Ig modules,
even though Fn3 and Ig modules do not share sequence
homology (26). Inspection of the Ig1, Ig2, and Ig3 structures
does only in some cases show a correlation between local
structural elements, such as interstrand hydrogen bonds and
increased motional amplitude. A clear example is found in
Ig1, where motions in the CD loop seem to be associated
with dynamics in the residues of the D strand. Although there
is no direct evidence for this, these results may be explained
by dynamics originating from the opening and closing of
the two hydrogen bonds between the amide and carboxyl
groups of Asn48 (located in the CD loop) and Val54 (located
in the D strand), giving rise to the mobility reflected in the
relaxation data (Figure 6). Other mechanisms are likely for
the movements in the CD loop of Ig2 and Ig3 because no
similar hydrogen bonds are present. Because the Ig1, Ig2,
and Ig3 modules all belong to the I1 set of the Ig superfamily,
it is likely that the observed motions of the CD loop and EF
turn reflect common dynamic features of this fold.

Functional Aspects of the ObserVed Backbone Dynamics.
The molecular mechanisms of the homophilic interactions
and the structure of the homophilic binding complex have
been extensively debated because of the disagreement in
results obtained from cell-based experiments and structural
X-ray and NMR data. Cell aggregation experiments per-
formed on mouse L cells expressing chicken NCAM with
deletions of different Ig modules indicated an involvement
of the Ig3 module (27). Microspheres coated with individual
recombinant Ig modules of chicken NCAM demonstrated
binding between the Ig1-Ig5 and Ig2-Ig4 modules, whereas
microspheres coated with Ig3 exhibited strong self-aggrega-
tion (28). These findings were not supported by solution
studies, where no dimerization of Ig3 was found, whereas
interaction between Ig1 and Ig2 was clearly observed (7, 9,
29, 30). The crystal structure of Ig1-Ig2 homophilic dimer
and the crystal structure of the Ig1-Ig2-Ig3 NCAM
fragment further support a model in which Ig1 and Ig2 are
directly involved in the NCAM homophilic binding (8, 11).
The presence of double peaks in the HSQC spectrum could
indicate two different species, with one being the monomer
and the other the dimer. Because no exchange between the
two species can be observed and both components of the
double peaks have the same relaxation rate constants, a
monomer-dimer model does not seem to be the explanation.
Significant differences in the relaxation parameters would
be expected between a monomer and a dimer because of

FIGURE 5: Mapping of residues showing increased flexibility on
the micro- to millisecond time scale in Ig1 (a), Ig2 (b), and Ig3
(c). Residues are colored according to theRex value: Rex < 1 are
in yellow, 1 < Rex < 2 are in orange, 2< Rex < 3 are in dark
orange, 3< Rex < 5 are in orange red, and 5< Rex are in red.â
strands are labeled from A to G. The depicted structures of Ig1
and Ig2 are NMR solution structures (7, 10), whereas the structure
of Ig3 has been determined by X-ray crystallography (11). (d)
Residues in the Ig3 module showing a set of two resonances.

FIGURE 6: Asn48 and Val54 in Ig1. Breakage and reformation of
hydrogen bonds between Asn48 and Val54 may explain the high
exchange contribution observed for these two residues.
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differences in size and shape. When all three modules are
compared, it is observed that the averages ofR1 are 1.6(
0.2 s-1, 1.5( 0.1 s-1, and 1.3( 0.1 s-1 and the averages of
R2 are 8.9( 1.9 s-1, 9.4 ( 0.4 s-1, and 10.9( 0.8 s-1 for
Ig1, Ig2, and Ig3, respectively. These average values are
based on only 80% of the residues because the residues with
lowest and highestR1 andR2 values were eliminated from
the calculation. Regarding Ig3,〈R1〉 are slightly lower than
for Ig1 and Ig2 and〈R2〉 are slightly higher. The concentration
dependence of the〈R1〉 and〈R2〉 for Ig3 was seen to be very
small and most likely reflecting increased viscosity in the
more concentrated sample. Bearing in mind the very strong
Ig3-Ig3 interactions observed in aggregation experiments
(28), the relaxation properties observed using NMR are not
very pronounced even in a relatively concentrated sample
at 3.5 mM. It is more likely that differences in the relaxation
parameters between Ig1/Ig2 and Ig3 are an effect of slower
molecule tumbling in the sample of Ig3, which has a higher
viscosity because of the higher protein concentration.
Therefore, our results show that there is no strong Ig3-Ig3
interaction in solution in agreement with previous solution
studies of Ig3 from chicken (9, 30).

In the earlier studies, the homophilic binding sites in Ig1
and Ig2 have been located in a series of NMR titration
experiments (7, 9). We find that residues with high exchange
contribution in the CD loop are located at the rim of the
binding interface in both Ig1 and Ig2, and local structural
fluctuations at these positions do not seem to be directly
involved in the binding. Phe21 and Thr65 in Ig1 are in the
binding interface, but the motional amplitudes of these two
residues are small. It does not seem likely that movements
in these two residues alone facilitate the complex formation
by an induced fit mechanism. Large surface areas are buried
in the binding complex (8, 11). Therefore, it is likely that
low amplitude collective fluctuations in the backbone play
a role by inducing structural adaptability in the binding
interface. Similar observations have been observed for the
bacterial response regulator protein Spo0F, where regions
having motion on the millisecond time scale correlate with
residues and surfaces that are known to be critical for
protein-protein interactions (31), and in the enzyme cyclo-
philin, where submillisecond dynamics has been observed
for residues near the catalytic site (32). The observed higher
mobility in the EF turn and the CD loop together with the
lower amplitude pervasive motions in theâ sheets might
reflect such fluctuations.

CONCLUSION

We found that the backbone dynamics of NCAM Ig1, Ig2,
and Ig3 modules are very similar. Because the three modules
do not share high sequence identity but have the same fold,
we believe that the increased backbone flexibility of linkers
between the twoâ sheets is a structural feature of the Ig
fold, whereas the smaller pervasive exchange contributions
are sequence-dependent. No direct correlation between
flexible segments of the Ig1 and Ig2 modules and their
homophilic binding sites were found. It is likely that small
fluctuations, as found for a number of sites in the Ig1, Ig2,
and Ig3 modules, rather than specific local mobility, are
important for the functions of the Ig modules.
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