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ABSTRACT. The neural cell adhesion molecule (NCAM) is a cell surface multimodular protein, which
plays an important role in celicell adhesion by homophilic (NCAMNCAM) 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. 1g1, 192,
and Ig3 share low sequence identity but possess the same fold and have very similar three-dimensional
structures®N longitudinal and transverse relaxation rates and heteronuclear NOEs have been measured
and subsequently analyzed by the axial symmetric Lip8rabo 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 ingistrand 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 jhgheets, suggesting

that these motions might be correlated. Only few residues in the homophilic binding sites in the NCAM
Ig1 and 1g2 modules show increased flexibility, indicating that thedigl2-mediated NCAM homophilic

binding does not depend on the local backbone mobility of the interacting modules.

The neural cell adhesion molecule (NCAM)elongs to Ig1—Ig2—Ig3 triple module fragments have been determined
the Ig superfamily (IgSF) of cell-adhesion molecules. It by X-ray crystallography &, 11). Both structures indicate
mediates C&-independent cettcell adhesion by homophilic  that the contacts between Igl and Ig2 are very important for
binding, where NCAM molecules on opposing cell mem- the NCAM homophilic binding.
branes bind each othet)( This homophilic NCAM binding NMR spin relaxation methods are widely used to study
plays an important role in many processes such as dif- protein dynamics in solution, and for many proteins, a
ferentiation, survival, and neuronal plastici).(Alternative relationship between protein flexibility and function has been
splicing of MRNA generates three major NCAM isoforms, documented. Flexible parts of a protein backbone are often
which have identical extracellular parts consisting of five associated with a ligand-binding site or residues important
N-terminal Ig-like modules followed by two fibronectin type  for the biological function12—14). In the present work, the
Il (Fn3) repeats. The molecular mechanisms of the NCAM- backbone dynamics of recombinant Ig1, Ig2, and Ig3 rat
mediated cel-cell recognition and complex formation have NCAM have been analyzed to determine common dynamic
been studied extensively, but it is still controversial which properties of the Ig fold and features that might be related
of the extracellular modules are involved and how they to homophilic celt-cell adhesion in NCAM.
interact 3—9). The three-dimensional structures of the Igl,

Ig2, and Ig3 modules have been determined by NMR MATERIALS AND METHODS
spectroscopy and classified as |11 set of Ig module<9(

i 15N]-
10). The structures of the Igidlg2 double module and the Uniformly *N-labeled samples of rat NCAM Ig1, g2, and

Ig3 were prepared and purified as described previougly (
10). NMR signal assignment and structural data of Ig1 and
T This work was supported by the John and Birthe Meyer Foundation, g2 modules have already been publish&y and similar

the Danish Medical Research COUnCiI, and the Lundbeck Foundation. data for | 3 are |n re aratlon Soroka et al un ubllshed
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¢ Institute of Molecular Pathology. measurements of th€N-relaxation time constant§{ and
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NCAM:; Ig3, third module of NCAM; NOE, nuclear Overhauser effect; enhanced prOton'dete_Cted pulse scherhdsdqn 0.7, 1, and
NMR, nuclear magnetic resonance. 3.5 mM samples of uniformly®N-labeled Ig1, Ig2, and Ig3,
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respectively, For the 193, thEN-relaxation time measure-
ments {1 and T,) were repeated on a sample of 0.7 mM.

Biochemistry, Vol. 43, No. 32, 2004.0365

The relaxation parameters of Igl, 1g2, and 1g3 were
analyzed by Lipar-Szabo modelfree formalism 7). In this

The samples were prepared in 5 mM phosphate buffer atmodel, the internal motions are described in terms of an

pH 7.4 and 150 mM NaCl in 90% 4#/10% D,O. All NMR
data were acquired at 2% on a Varian Unity 750 MHz

overall rotational diffusion tensor for the molecule, a
generalized order parameter, and an internal correlation time.

spectrometer equipped with a triple resonance probe andThe relaxation rates are dependent on the orientation of the

pulsed-field gradients. Spectra for determinatiorfofind

T, of Igl and Ig2 were recorded using spectral widths of
3200 x 12 000 Hz and acquisition sizes of 128 1890
complex points in thé; x t, dimensions with 16 transients
pert; experiment and a recycle delay of 1.5 s. For Ig3, the
acquisition sizes were increased to 2561890 complex

relaxation mechanisms, relative to the rotational diffusion
tensor of the moleculel@), and even a small degree of
anisotropy can introduce errors in the dynamical parameters
(19, 20). To evaluate the degree of anisotropy for Igl, 1g2,
and 1g3, hydrodynamic calculations of the rotational diffusion
tensor were performed with HYDRONMR version 5.@4)

points, while only 8 transients were necessary because ofin this way, the three componentsDDyy, and D) of the

the higher protein concentratioril; experiments were
recorded with 10 delays of 10, 50, 150, 200, 300, 330, 450,
600, 800, and 1200 ms, afd experiments were recorded
with 10 delays of 10, 30, 50, 70, 90, 110, 150, 190, 210,

rotational diffusion tensor were predicted to 1.84.07, 1.85
x 107, and 3.18x 10" s7* for Ig1; 2.06 x 107, 2.02 x 10,
and 3.18x 10" st for I1g2; and 1.37x 107, 1.34x 107, and
2.88x 10’ s * for Ig3. The anisotropy is given b = (Dyx

and 250 mstH-"*N NOE values were determined fromtwo 4 p)/2D,,. Using this relation, the anisotropy of the three

spectra recorded with and without proton saturation. Spectral|g modules in solution can be estimated to 1.7, 1.7, and 2.1
widths and acquisition sizes were the same as those forfor |91, 192, and Ig3, respectively, indicating anisotropic

determination ofl; andT,, but the number of transients were
increased to 32 for eadh increment. A recycle delay of 7

tumbling as the values deviate from unity. This calculation
indicates that the hydrodynamic properties of Igl and Ig2

s was employed for spectra in the absence of presaturationg e very similar, while the tumbling of Ig3 might be slightly

wherea a 3 srecycle delay followed 4 s proton saturation

more anisotropic. On the basis of this calculation that clearly

was used in the NOE spectra. All NMR data were processedipgicates anisotropic tumbling of all three modules, the axial

using NMRPipe softwarelb). The spectra were weighted
with a phase-shifted sine bell tn andt, and zero-filled to
double size in each dimension prior to Fourier transformation.
Peak heights were measured using Proh&. {°N-relaxation
times (T, and T,) were determined from a nonlinear least-

squares fit of an exponential curve to the measured peak

heights. NOE values were determined as Ith# unsatratio,
where |5 and lnsat @are peak heights in spectra with and
without proton saturation. Uncertainties of the NOE values
were estimated from the baseline noidd)(

RESULTS

The 2D NH-correlated NMR spectra of Igl, Ig2, and 1g3
are well-resolved and have a high S/N ratio even at the
relative high pH of 7.4T; andT, were reliably determined
for 90 of 96 amide groups in Igl, 79 of 89 in Ig2, and 88 of
102 in 1g3. 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 i

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 an
solvent protons, which is especially pronounced at the

elevated pH of 7.4. Relaxation parameters for the residues i :
3 can be seen from the experimental data (Figure3)1where

in question were eliminated from further analysis. For Ig
the R; andR, were measured at two concentrations 0.7 and
3.5 mM. The comparison showed that the averRgevas
1.4+ 0.1and 1.3 0.1 s'at 0.7 and 3.5 mM, respectively,
and correspondingly foR,, 11.24+ 0.8 and 10.8- 0.8 s'*.

symmetric modelfree spectral density functiob8)( 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 222. 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 paramet®ris
optimized. In model 25 and the internal correlation time

7; are optimized. Model 3 is identical to model 1 but with
addition of the exchange contributidfa, to R,. Model 4 is

the same as model 2 but includBs. In model 5,2, the

fast motion order paramet&?, andz; are optimized. Model
selection is based on extensiVestatistical testing and
implemented in TENSOR version 2.24). The experimental
relaxation parameterB;, R,, and 'H-'>N NOEs plus the
modelfree variable$? andRe are plotted against the residue
number in Figures 13. & reflects fast motions in the nano-

to picosecond range (18-10"12 s), whereas theéRe is
related to slower motions from the interchange between
different molecular conformations on the milli- to micro-
ﬁecond (10%—-10°° s) time scaleRe is a function of the
chemical-shift differences, the equilibrium populations of
different conformational states, and the exchange rates

Obetween these states. Slow exchange between different

species results in overestimation Rf from the relaxation
dispersion curves, wher®™ = R} + Re,, which clearly

Rex systematically is modeled for residues with increaRed
values. Because the exchange rates between the different
conformations are not determined in these experimétts,

is interpreted only qualitatively.

The concentration dependence corresponds to a marginal The average order paramet&sare within the range of

difference in the derived correlation time of 6190.2 and
6.7+ 0.3 ns. The correlation time for Ig1 and 1g2 were 5.4
+ 0.2 and 5.6+ 0.2 ns, respectively.

their standard deviations and very similar for the 1g1, 192,
and 1g3 modules: 0.8% 0.11, 0.88+ 0.06, and 0.8k
0.08, respectively. Only a few residues in Ig1l and g3 were
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Ficure 1: Relaxation and modelfree parameters determined for
NCAM Igl. From the top: the longitudinal relaxation rate constant
R, the transverse relaxation rate const@ntthe heteronucledi-

15N NOE, the order paramete®, and the chemical exchange
contribution Re. All parameters are shown as a function of the
residue number. Positions of tlestrands are marked in the top of
each diagram.
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Ficure 3: Relaxation and modelfree parameters determined for
NCAM Ig3. From the top: the longitudinal relaxation rate constant
R, the transverse relaxation rate consfantthe heteronucledH-

15N NOE, the order paramete®, and the chemical exchange
contribution Re. All parameters are shown as a function of the
residue number. Positions of tfestrands are marked in the top of
each diagram.
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Ficure 2: Relaxation and modelfree parameters determined for
NCAM Ig2. From the top: the longitudinal relaxation rate constant
Ry, the transverse relaxation rate constantthe heteronucledi-

15N NOE, the order paramete®, and the chemical exchange
contribution Re. All parameters are shown as a function of the
residue number. Positions of tfiestrands are marked in the top of
each diagram.
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Ficure 4: Relaxation rate constants for peaks that appear twice in
the 1N-HSQC spectrum of Ig3. The two different values of the
relaxation parameter belonging to the same residue are shown as
O and @, respectively. (a]; values and (bR, values.

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-

found to have order parameters smaller than 0.7, which istion, indicating that the protein is present in two forms in

typically the lower limit for residues in regular secondary
structure 20). These observations indicate that all three

solution. Attempts to measure exchange cross peaks between
the two signals using an exchange experimeh®s failed,

modules have quite rigid backbone structures. From the uppersuggesting that the exchange between the two forms is very

panels in Figure 1, it can be seen that Sievalue deviates

slow. Because thé®N-relaxation rate constants are nearly

along the backbone in all three modules. Lower values are identical for both peaks (Figure 4) they have been considered

typically found in or near turns and loops but not restricted
to these regions. A number of residues exhibit incre&&ed
values, indicating higher mobility on the micro- to mil-

as one in the analysis of the backbone dynamics.

DISCUSSION

lisecond time scale. Most of these residues are found in the General Trends in Backbone Dynamics of the Three Ig

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

Modules of NCAMThe overall dynamical landscapes of the
three Ig modules have much in common. Apart from a few
exceptions, the residues occupying the centers of/he

signals are present in dublo. The origin of these doublet strands have more restricted motions on the fast time scale

signals from one single atom has been controlled if\Na
TOCSY—HSQC experiment, showing that both peaks origi-

than residues located in loops and turns. Because the core
regions have more inter-residue contacts, it is not surprising
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CD loop and the EF turn connecting the tf@aheets both
have significantly increased flexibility on the micro- to
millisecond time scale. Exchange in the CD loop is most
pronounced in Igl and Ig2, while exchange in the EF turn
is highest in 1g3, 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 threef strands: Phe2l, Ser53, and Thr65 in Igl; Phe4d
and Val25 in 1g2; and Ser24, His58, and Arg70 in 1g3.
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 § sheets Z5). This protein module also forms A
sandwich and has a topology similar to C2-set Ig modules,
even though Fn3 and Ig modules do not share sequence
homology @6). Inspection of the Ig1, Ig2, and 1g3 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 1g2 and Ig3 because no
E(;UEEC% '}[/(')amlil"i‘gegrr]zsi?nz‘gsszgg"iigg T‘?rae)asieg ‘E'g)xngggy on  similar hydrogen bonds are present. Because the Ig1, Ig2,
(c). Residues are colored according to ngvalde:gl?ex <_’ 1 are ’ _ar_ld I_g3 modules all belong to the_ I1 set of the Ig superfamily,
in'yellow, 1 < Rex < 2 are in orange, X Re, < 3 are in dark it is likely that the observed motions of the CD loop and EF
orange, 3< Ry < 5 are in orange red, and § Ry are in red 8 turn reflect common dynamic features of this fold.
strands are labeled from A to G. The depicted structures of Ig1  Functional Aspects of the Obsed Backbone Dynamics
and 192 are NMR solution structures, (0), whereas the structure  1he molecular mechanisms of the homophilic interactions
of 193 has been determined by X-ray crystallograptif)( (d) d the struct fthe h hilic bindi lex h
Residues in the 1g3 module showing a set of two resonances. ~ and the structure ot the homophilic binding compiex 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 |g modules indicated an involvement
of the 193 module 27). Microspheres coated with individual
recombinant Ilg modules of chicken NCAM demonstrated
binding between the Igtlg5 and 1g2-1g4 modules, whereas
microspheres coated with 193 exhibited strong self-aggrega-
tion (28). These findings were not supported by solution
studies, where no dimerization of 193 was found, whereas
interaction between Ig1l and Ig2 was clearly observie®
29, 30). The crystal structure of 1gtlg2 homophilic dimer
and the crystal structure of the lglg2—Ig3 NCAM
fragment further support a model in which Igl and Ig2 are
directly involved in the NCAM homophilic binding3( 11).

, i The presence of double peaks in the HSQC spectrum could
Ficure 6: Asn48 and Val54 in Igl. Breakage and reformation of

hydrogen bonds between Asn48 and Val54 may explain the high indicate two differer_wt species, with one being the monomer
exchange contribution observed for these two residues. 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
that they are constrained more strongly. Interestingly, the monomer-dimer model does not seem to be the explanation.
indications of conformational fluctuations on the micro- to Significant differences in the relaxation parameters would
millisecond time scale are found for several residues. The be expected between a monomer and a dimer because of

AY

™
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differences in size and shape. When all three modules areACKNOWLEDGMENT
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0.2s?',1.54+0.1s?, and 1.3+ 0.1 s* and the averages of
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lg1, 192, and 1g3, respectively. These average values areREFERENCES

based on only 80% of the residues because the residues with

lowest and highedR, and R, values were eliminated from L

the calculation. Regarding Ig8R,are slightly lower than

for Ig1 and Ig2 andR,are slightly higher. The concentration 2
dependence of thR;[and R,[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—I1g3 interactions observed in aggregation experiments 3.

(28), the relaxation properties observed using NMR are not
very pronounced even in a relatively concentrated sample
at 3.5 mM. Itis more likely that differences in the relaxation
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