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DEVELOPMENT OF SOLID STATE NMR METHODS FOR THE
STRUCTURAL CHARACTERIZATION OF MEMBRANE PROTEINS:
APPLICATIONS TO UNDERSTAND MULTIPLE SCLEROSIS.

Final Report
Monique Cosman, Anh-Truet Tran, Josh Ulloa, and Robert S. Maxwell

Abstract: Multiple sclerosis (MS) is a relapsing—renﬁtting disorder of the central nervous
system that results in the loss of the myelin sheaths insulating nerve fibers (axons).
Strong evidence suggests that MS is an autoimmune disease mediated by T-cell and
antibody responses against myelin antigens. Myelin oligodendrocyte glycoprotein
(MOG) is a 26 kD to 28 kD an integral membrane protein of the central nervous system
implicated as a target for autoaggressive antibodies in MS. To date, the conformation of
MOG in association with the myelin membrane is unknown and the exact nature of the
interactions between this protein and disease-inducing immune responses have not been
determined. Since membrane associated proteins are typically characterized by decreased
correlation times, solution state NMR methodologies are often impracticable. Membrane
proteins are also often difficult to crystallize for X-ray diffraction studies. Consequently,
there is an urgent need to develop new structure characterization tools for this important
class of biomolecules. The research described here overviews the initial stages of our
effort to develop an integrated, NMR based approach to structural studies of MOG over
the many structural domains it is postulated to posess. The structural knowledge gained
about this important MS antigen in its native environment will contribute significantly to
our understanding of its function in vivo. This project will also aid in the development of
therapeutics to inhibit the antigen/antibody interaction and thus prevent demyelination in

MS patients.
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Introduction

Multiple Sclerosis is a chronic, relapsing-remitting disorder of the central nervous
system (CNS) white matter that results in the loss of the myelin sheaths insulating nerve
fibers (demyelination) (/). Similarities to the disease model experimental allergic
encephalomyelitis (EAE) and strong circumstantial evidence suggest that human MS is
mediated by autoagressive immune responses directed against CNS myelin (2-4). EAE is
an autoimmune, inflammatory CNS disorder that is induced in susceptible strains of
laboratory animals by sensitization against various myelin components (5, 6). Recent
studies suggest complex, and/or multiple pathophysiologic mechanisms for autoimmune
demyelinating disorders, a concept supported by the various patterns of myelin
destruction encountered in MS and the many different existing models of EAE (7, 8). In
particular, the balance between T cell and antibody responses, which may be directed
against multiple myelin antigens, appears to influence the respective magnitude of
infiltration by inflammatory cells and demyelination observed in CNS lesions (9).

A significant obstacle to understanding human MS is that to date, the target
antigens in MS have not been unequivocally identified, with the exception of a small
myelin protein named myelin oligodendrocyte glycoprotein (MOG). The MOG antigen is
unique among myelin proteins because it appears capable of inducing MS-like,
demyelinatihg forms of EAE in all laboratory species and strains, including non-human
primates (/0-13). Strong T cell and humoral (antibody) responses directed against MOG
have also been demonstrated in humans (/4-17). Importantly, autoimmunity against
MOG includes a pathogenic humoral component, with the production of MOG-specific
antibodies that have the potential to worsen EAE and are directly responsible for the
demyelination in several species (13, 18, 19). Among species susceptible to sensitization
with MOG(1-117) is the Callithrix jacchus (C. jacchus) marmoset, a small outbred non
human primate raised in captivity which typically develops a form of EAE that faithfully
recapitulates clinical and pathological features of human MS (/3, 32). In both acute
forms of MS and MOG-induced marmoset EAE, actively demyelinating lesions display a
characteristic structural pattern of myelin destruction where the compact myelin

undergoes vesicular disruption. This dramatic transformation appears to follow the
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formation of large intramyelinic vacuoles and is associated with the binding of MOG-
specific autoantibodies (33).

MOG is a quantitatively minor (0.01% to 0.05%) CNS membrane protein (20)
comprised of 218 amino acidﬁ residues and is found primarily on the extracellular surface
of oligodendrocytes in the outermost lamellae of the myelin sheath, which may explain
its accessibility to antibody attack in MS and EAE (21, 22), (for a recent review, see
Johns and Bernard (23)). The function of MOG is unknown and there are no crystal or
high-resolution NMR structures available. Based on existing models and hydrophobicity
studies (26, 27),7 it appears to be comprised of an immunoglobulin-like N-terminal
extracellular domain (residues 1-121) and a hydrophobic domain (residues 122-218).
The topology of the hydrophobic domain is believed to consist of a single transmembrane
spanning segment (residues 122-150), and a C-terminal segment (residues 174-200), that
may be semi-embedded in the myelin bilayer with the C-terminus tail intracellularly
located (see Figure 2). The nonglycosylated, recombinant N-terminus domain of MOG
(MOG(1-117)) suffices for sensitizing animals for EAE (11-13, 28-31).

Motivation

Membrane proteins comprise approximately 30% of cellular proteins and are
involved in critical functions such as signaling (communication between cells) and
mediating cell transport (including toxins). Unfortunately, currently available methods
are inadequate in determining the structures of membrane proteins and thus
structure/function studies of this class of biomolecules are lagging behind those for their
~ aqueous soluble counterparts. The research described here directly addresses this issue by
the development of a new integrated NMR based approach to study membrane proteins,
such as MOG, that posess both cellular and extracellular domains. In addition to NMR
methods, we have also applied traditional biological and biochemical methods for the
preparation, purification, and structural screening of MOG. These methods include
homology modeling, activity testing, and circular dichroism. The approach outlined

below will allow us to develop and test general experimental strategy for the structural
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characterization of membrane bound proteins, an important class of biomolecules that has
proven to be difficult to study by other methods.

Successful demonstration of our methodology to determine the structure of MOG
will specifically be of great importance for the understanding its function and for the
development of therapeutics for the treatment of MS. Due to the extensive biochemical,
biocomputational, and bioanalytical capabilities, including solid-state NMR, LLNL is
uniquely suited to investigate this important problem. Further, if successful, the methods
we will develop in this project will have significant impact on fundamental biochemical
R&D processes ongoing at LLNL, including the development of molecular biosensors for
the detection of toxins and other biowarfare agents. Due to the extensive experience in its
biochemistry, MOG is being used as a model system to validate our methodology for

application to a large variety of potential applications.
Experimental

Development of Homology Model: The methods to predict initial structural

models of MOG from multiple species are described in detail in Mesleh, et al 2002 [105].

Some of the results from the modeling study are shown in Figure 2.

Expression and Purification: Frozen stock of rMOG(1-117) was streaked onto LB
Kanamycin (30ug/ml) and ampicillin (100ug/ml) plates and grown overnight. Three ml of
LB were inoculated with 3ul Kanamycin (30mg/ml stock) and 3ul Ampicilinin
(100mg/ml stock) along with several colonies of E. coli. The culture was grown at 37°
for 1.5 hrs. 1.5 ml of this stock was added into 500 ml LB with 500ul Kanamycin -
(30mg/ml stock) and 500ul Ampicilin (100mg/ml stock) and grown to an absorbance
value at 600 nm of 0.6 — 0.8 (about 4 hours). Sml of 100mM IPTG was added to induce
protein expression to a final concentration of 1 mM and the culture grown at 16°
overnight, then centrifuged at 2600g and 4° for 15 min. The supernatant was removed
and frozen. 50 ml sonication buffer (100mM Tris, IM NaCl, 10mM imidazole containing
Complete EDTA free tablet (1 tablet/50ml) and PMSF (0.5ml/50ml)) was added to the

pellet from two liters of growth. The sample was kept on ice for 1 hour and briefly



Maxwell, Cosman & Uolloa Solid State NMR Methods to Study Membrane Proteins

sonicated about every 10 minutes, then centrifuged at 13,000 rpm for 30 min to remove
cellular debris. The supernatant was added to 3 ml Nickel resin (washed 2 times in
buffer) and the protein was allowed to bind in the cold on a rocker for 2 hours. The slurry
was then poured into a column and the flow through collected. The nickel-packed column
was then washed with 30 ml of 10mM imidazole sonication buffer, followed by a wash
with 30 ml of 30mM imidazole sonication buffer. The protein was eluted with 90mM

imidazole sonication buffer as 10 - 2ml fractions and then checked on 15% SDS gel.

Sequence Analysis of Marmoset (C. jacchus) MOG (extracellular domain): The

nucleotide sequence of marmoset MOG was determined by direct DNA sequencing of
PCR products. Total RNA was extracted from C. jacchus lumbar and thoracic spinal cord
in TRIzol (Gibco BRL). The first strand of cDNA was synthesized by RT-PCR in a final
reaction volume of 10 ul containing 0.1 pg of total RNA, 1 mM dNTPs (Perkin Elmer),
0.25 units random hexamer primers (Pharmacia, Piscataway, NJ), 20 units human
placental RNAse inhibitor (Gibco BRL), 100 units Superscript reverse transcriptase
(Gibco), and 1 ul 10x PCR buffer (100 mM TRIS-CI pH 8.3, 500 mM KCI, 15 mM
MgCl12, 0.01% (w/v) gelatin (Perkin Elmer, Norwalk, CT). The reaction mixture was
incubated for 10 minutes at room temperature, then for 45 minutes at 42 °C followed by 5
min at 95 °C and finally chilled on ice. The cDNA was amplified by 25 cycles of PCR
with 10 pl of the reverse transcriptase reaction mixed in 50 ul final volume with 4 pl 10x
PCR buffer and 0.5 pmol/l of the 3' MOG primer S5GGGCAGTTCAGAGTGATA3Z"), in
a "Hot Start” PCR reaction using 1.25 units of Tth XL polymerase (Perkin Elmer) and 0.5
umol of the 5' primer S'GCTCGAAGTTTTCCTCACAGT3'). Primers were based on
human MOG cDNA sequences in the conserved amino acid regions across species (47-
49). Fresh PCR products were cloned separately into PCR 2.1 cloning vector (TOPO
Cloning Kit, Invitrogen) using the manufacturer's protocol. Ten positive clones were
isolated from LB-agar plate and plasmids from each clone were obtained using
centrifugation miniprep kits. Plasmids were then digested with EcoR1 and sized-
separated on 1.0% agarose gels for detection of plasmids containing the PCR product
insert. Plasmids containing the MOG (1-117) insert were sequenced using dideoxy chain-

termination method following fmol sequencing kit protocol (Promega).
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Circular Dichroism Experiments: The effects of different solvents, pH and
temperature values on the stability and secondary structure of MOG(1-117) were
monitored by CD using a Jasco 710 spectropolarimeter. CD spectra were acquired for 0.1
mg/ml MOG(1-117) from 25 °C to 90 °C in 5 degree steps. The CD spectrum of the
corresponding buffer was subtracted from that of the protein and the spectra were
analyzed by a backpropagation neural network algorithm using the program Circular

Dichroism Deconvolution (http://bioinformatik.biochemtech.uni-halle.de/cdnn/).

Nuclear Magnetic Resonance (NMR) spectroscopy: Solution state NMR data at

25 °C were obtained using a 600 MHz Varian INOVA spectrometer. Gradient and
sensitivity enhanced BN-'TH HSQC (heteronuclear single quantum correlation) (52)
spectra were acquired on ~ 0.28 mM of MOG(1-117) dissolved in 50 mM of sodium d;-
acetateand 0.14 mM MOG(1-117) dissolved in 90%/10% H,0/D,0, pH 6.5. Two-
dimensional "“N-filtered 100 ms NOESY (nuclear Overhauser effect spectroscopy)
spectra were acquired for 1 mM rat MOG(1-117) in 5 mM sodium acetate, pH 5.2 (53).
'H and "N axes were referenced with respect to the dimethyl silapentane sulfonate (DSS)
signal at 25 °C and indirectly to DSS using the ratio of gamma’s (Hy/Cy or Hy/Ny),
respectively (54). Spectra were processed and analyzed using the program FELIX
(Aceryls, San Diego, CA). Both through bond TOCSY (Total correlation spectroscopy,
40 and 80 ms spin times) and through space NOESY (100 and 200 ms mixing times) data
sets were collected on 0.1 mM MOG(122-150) (transmembrane domain) dissolved in
deuterated DMSO.

Solid state NMR spectroscopy was performed at 25 °C using either a 500 MHz
Bruker DRX spectrometer and a 4mm CPMAS probe or at 300 MHz Chemagnetics CMX

spectrometer using a Doty Scientific flat coil probe. ?C-'*C correlation experiments were
performed according to previously published methods (106, 107). PISEMA experiments

were performed as described previously (108).


http://bioinformatik.biochemtech.uni-halle.de/cdnn
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Results

1. Extracellular domain characterization

Homology Modeling: A homology modeling study of human MOG(2-120) based on

the crystal structure of myelin PO predicts that the protein adopts an Ig type v-Greek key
fold which consists of two 3-sheets tightly packed together to form a sandwich. The 35%
sequence homology and 55% predicted structural homology between human MOG(1-
120) and PO results in regions that have high prediction confidence. Thus, in the absence
of experimentally determined structures, the model of human MOG(2-120) may be useful
in the rational design of inhibitors against myelin/antibody interactions implicated in
demyelinating disorders such as MS. The overall topology and global fold of the model
agrees reasonably well with a previous model constructed of mouse MOG(1-121),
although the details in the less conserved regions do not agree exactly (Fig. 2). Both
models describe rational locations for a possible glycosylation site, dimerization surface,
complement and antibody binding regions. In addition, potential phosphorylation sites
have been identified.

The species-dependent fine T- and B-cell epitope specificities from MOG immunized
rats and marmosets are compared and those from the marmosets are mapped onto the
model of human MOG(2-120). The fine epitope specificities are predominately located in
the A’, C, and D strands and B-C and C”-D loops. It is not surprising to find that B cell
and T cell responses to MOG are more diverse in non-human primates than in inbred
strains of laboratory rodents. A diverse repertoire of responses to a major T cell antigen
of myelin, myelin basic protein, has also been reported in primates, including the C.
Jjacchus marmoset (Tabira & Kira, 1992; Genain et al., 1995). Perhaps more relevant to
MS and the model presented here, are the findings that marmosets and humans share
common epitope regions that are targeted by both B cell and T cell responses to MOG
(Kerlero de Rosbo et al., 1997; Koehler er al., 1997; Genain et al., 1999). The C”-D loop
(mouse model), or edge of C”-D loop-D-strand (human model) corresponds to T- and B-
cell binding epitope sequences in rat MOG immunized marmosets and form a putative
Clq binding site (residues 64-68), which may directly activate the classic complement

pathway (Johns & Bernard, 1997). These regions are predominantly solvent exposed in
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the monomeric form of the human MOG model and thus accessible to antibody or
proteolytic attack.

Both the mouse and human MOG homology models predict a hydrophobic and
aromatic surface for the A’-G-F-C-C’-C” sheet that may promote dimerization in
aqueous environments. However, it is unknown whether MOG exists as a dimer in vivo,
especially since it is a minor component of the myelin membrane comprising only 0.01 to
0.05% of the CNS myelin proteins. If MOG does exist as a dimer in vivo or if its
monomeric form is associated with hydrophobic membrane constituents, such as lipids,
cholesterol, or other myelin proteins, then access to the epitope sites located on the
putative dimer interface would be hindered. In these cases, a change in the membrane
environment or in the protein conformation would expose buried epitopes that may
trigger or modulate pathogenic autoimmune responses in the disease-state. An alternative
possibility is that post-translational modifications, such as glycosylation or
phosphorylation would make the protein more soluble and thereby allow the exposure of
hydrophobic surfaces in the monomeric form of the protein. Further studies are needed to
investigate these possibilities and other proposed mechanisms for the

immunopathogenesis of diseases such as MS.

Marmoset Epitope Specificities and Accessibility to Antibodies against MOG: C.
jacchus marmosets sensitized to recombinant rat MOG (1-117) develop an antibody-

mediated form of demyelination that is highly reminiscent of human MS (32). The fine
specificity of B cell (antibody) and T cell immune responses have been identified in
marmosets with the use of short overlapping peptides. Distinct marmoset B cell epitopes
are found at residues 13-21 (10 of 10 animals), 28-35 (2 of 10 animals), 40-45 (3 of 10),
65-75 (6 of 10 animals). The minimal sequences necessary for peptide recognition by
marmoset serum antibodies that are recognized by more than 60% of animals studied
(major antibody epitopes) are residues 16-18 and 67-73. The major antibody epitopes are
located on the opposite surfaces in the model (residues 16-18 on A’ strand and A’-B loop
are on the A’-G-F-C-C’-C” sheet while residues 67-73 on the D strand are on the A-B-E-
D sheet. The other "minor", e.g. less frequently detected, antibody epitopes are located on
the B-C loop (residues 28-35) and on the C strand and C-C’ loop (residues 40-45).



Maxwell, Cosman & Uolloa Solid State NMR Methods to Study Membrane Proteins

The fine specificity of T cell epitopes could be determined in 8 animals.
Particularly striking are the locations of the T cell epitopes with the major epitope
residing in the CDR1 (B-C loop) site which spans the two sheets and the minor epitope
encompassing the putative Cql (C”-D loop, D strand) binding site located on the A-B-E-
D sheet. Most of these residues are located in regions that are solvent exposed; thus, these
residues not only are potentially exposed to antibody attack, but are also readily
accessible at the outer surface of the MOG molecule for binding of B cell surface

immunoglobulins, a prerequisite for antigen recognition and presentation.

Activity Studies: Reactivity of the MOG(1-120) was studied. The results for
MOG reactivity recombinant with (A) the recombinant monoclonal, MOG-specific
marmoset Fab fragment M26, (B) serum from MOG-immune marmoset U013-99, and
(C) the murine monoclonal antibody 8.18.C5 are shown in Figure 3. The data suggest that
M26 and 8.18.C5 exclusively recognize conformational determinants of the folded MOG
protein. Further, reactivity of MOG-immune marmoset serum against the soluble MOG
recombinant (Liv-MOG=rMOG(1-117)) and the reference recombinant MOG used for
immunization (tMOG) was tested (see Figure 4). These results show that the MOG

expressed here and used in further structural studies was biologically active.

Solvent dependent secondary structure: MOG is an integral membrane protein and
it is not known whether the extracellular domain is associated with the membrane or if its
surface is fully solvent accessible. MOG(1-117) displays limited solubility in aqueous
solutions and contains a large number of hydrophobic residues (56/120) in its amino acid
sequence, some of which are predicted to lie on the edges between the two f3-sheets and -
on the surface of the A’-G-F-C-C’-C” sheet. Biochemical studies (65-70), and
ultrastructural characterization of CNS myelin (7, 32) indicate that the myelin
composition undergoes major alterations in MS and EAE. Thus it is important to
characterize MOG(1-117) under various solvent conditions not only to identify suitable
conditions for structural studies, but also to better understand how in vivo environments,
especially differences between the normal and disease states, can affect this protein’s

physical characteristics. Circular Dichroism (CD) is a technique that can monitor the



Maxwell, Cosman & Uolloa Solid State NMR Methods to Study Membrane Proteins

secondary structure conformation of MOG under various solvent conditions. We have
used CD to estimate the % a-helix motif in the sectondary structure as a function of
solution composition. Some example results are also shown in Figure 3.

In addition, we have initiated ’N-'"H HSQC solution state NMR experiments on
MOG(1-120) in a variety of solvent systems. An example is shown in Figure 6. It is
expected that these experiments will shown the solvent induced conformation changes
revealed in the CD studies in atomic level detail. Such studies are key to uncovering the

origins of MOG pathogenisis.

Solution Additive Relative mole a-helix
Dodecylphosphocholine (DPC) . 9
Palmitoyllysophosphocholine 9

(LPCP)

Palmitoyllysophosphatidic acid 15

(LPAP)

Sodium lauryl sulfate (SDS) 12

45 % Trifluoroethanol (TFE) 20

No additive _ 9

Table 1. Relative mole percent of o helicity in rMOG[1-117] in the presence of
detergents or TFE at 25°C, pH 7.5, in 10 mM phosphate buffer containing 5 mM

mercaptoethanol.

II. Transmembrane domain structure.

NOESY experiments of transmembrane domain: The "H NOESY spectrum of the
transmembrane domain of MOG(122-150) in DMSO is shown in Figure 7. DMSO is

often chosen as a initial solvent for transmembrane proteins because it is nonpolar,
similar to the environment within the interior of the lipid environment of cell membranes.
A 'HTOCSY spectrum is shown in Figure 8 and the "*C-"H HMQC spectrum is shown in
Figure 9. The Chemical shift index (CSI) plot for all the Co chemical shifts in the

10
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transmembrane domain (122-150) is shown in Figure 10. The data shown in Figures 7-10
indicates the majority of residues in this assigned segment assume a random coil status in
DMSO. It is unlikely that this random coil structure is the actual structure found in
membrane systems and further studies of this domain in micells and lipid bicelles
(a amphiphile membrane simulant [109]) have been initiated to assess the structure of the

transmembrane domain in a more cellular like environment.

Solid state NMR experiments: Currently, there are two methods to structurally
characterize aqueous soluble proteins: solution state NMR spectroscopy and X-ray
diffraction. However, structural characterizations of aqueous insoluble membrane
proteins are difficult to obtain using these techniques. The rotational correlation times of
membrane proteins dissolved in lipid-mimicking solvents are typically long, resulting in
broad signals in the solution state NMR spectra. Further, membrane proteins are
notoriously difficult to crystallize often preventing high-resolution XRD structures from
being obtained

Fortunately, solid state NMR (SS-NMR) spectroscopy is not limited by the
requirement to have soluble or crystallizable proteins. SS-NMR has provided detailed
molecular level understanding of the structures and dynamics of both organic and
inorganic macromolecules in the solid state. This advantage of SS-NMR is primarily due
to the sensitivity of SS-NMR observables to anisotropic interactions that are functions of
orientation and distance. In particular, the homo- and heteronuclear dipolar couplings and
the chemical shift anisotropies of the nuclear moments are functions of the orientations
(£2(6,0,y))of the relevant interaction frames with respect to the laboratory frame of

reference [110]:

Hy = (/1670 y; Y2 Z 13 (3cos’0 1) (3LI,-LY)
Hes = {850 Y Bo +1/2 805[3 0050 — 1 — g 5in’0 cos’0]}

Where v and v, are the gyromagnetic ratios of the nuclear moments of interest, rj; is the
distance between nuclear moments i and j, and 0 and ¢ are the polar angles spanned by

the interaction axis system and the laboratory axis defined by the applied magnetic field

11
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and §;5, and O are the isotropic and anisotropic parts of the chemical shift. In the case of
the dipolar coupling interaction, the relevant interaction frame is coincident with the
internuclear vector between nuclear moments. In the case of the chemical shift
interaction, the interaction frame is rarely coincident with a specific bond but can be
correlated to electron density around the nuclear moment. In short, measurement of these
two observables will yield important structural constraints for the development of
structural models.

Toward this end, we have initiated high resolution solid state NMR studies of the
transmembrane domain of MOG (122-150). Method development was initated using
three established methods: scalar coupling mediated homonuclear correlation
experiements, dipolar coupling mediated homonuclear correlation experiments, and
heteronuclear correlation experiments. The homonulcear correlation experiments were
performed on a isotopically labeled sample of phenylanaline. Due to the low natural
abundance of °C isotopes, in order to obtain high quality spectra in a reasonable amount
of ﬁme, the investment in isotopic enrichment was necessary. The result of the scalar
coupled *C-"C homonuclear correlation experiment is shown in Figure 11. The standard
ID spectrum is shown along the horizontal axis while cross peaks along the vertical
direction are the result of strong scalar (through bond) correlations between adjacent Be
atoms. Of specific note is the increase in resolution in the aroamatic region of the
spectrum (~120 ppm). In the 1D MAS spectrum shown above the 2D map, the aromatic
region is comprised of 5 overlapping BC resonances with insufficient resolution to
distinguish species. The 2D plot on the other hand, separates the spectral resonances by
their next nearest neighbors and thereby increases the resolution. The use of these
methods on a labeled protein such as MOG would allow for the assignments of
resonances for further analysis for internuclear distance measurements.

We have, in addition, implemented a version of the BC.BC correlation sequence
to provide cross peak correlations via the dipolar coupling interactions which is directly
related to internuclear distances (eql). The result of this experiment is shown in
Figurel2. Here, the standard °C NMR spectrum is along the spectral diagonal and cross-
peaks on the off-diagonal reflect the presence of dipolar coupling between sites. The

intensity of the cross peaks is directly related to the internuclear distance between sites.

12
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Experimental measurements of the internuclear distance provided acceptable agreement
with the internuclear distance expected for a >C->C bond. The employment of such a
method for ubiquitously labeled membrane proteins would allow for the direct
measurement of internuclear distances in such systems and provide key structural
insights.

Finally, we have implemented "N-'H Polarization Inversion Spin Exchange at the
Magic Angle (PISEMA) experiments. Such experiments provide orientation information
for each residue in a peptide. Since, we were unable to obtain sufficiently °N labeled
MOG(122-150) during the course of this LDRD, we chose to predict future experimental
results based on expected orientation of an a-helix aligned 15 degrees off the membrane
axis (which has been assigned parallel to the applied magnetic field) and with half of the
nitrogen sites isotopically labeled with ®N. The simulated PISEMA two dimensional
experiment is shown in Figure 13 and shows the orientation dependent >N chemical shift
in the horizontal dimension and the distance and orientation dependent 'H-"N dipolar
coupling in the vertical dimension. The shape of the PISEMA wheel is a finger print of
o-helix orientation. Similar PISEMA curves have been calculated for additional
orientations and by comparison to experimental results, the exact orientation could be
obtained.

CONCLUSIONS

We have constructed a three-dimensional model of human MOG(1-120) based on
the analysis of immunoglobulin super family (IgSF) consensus residues and sequence-
structure alignment with the high-resolution crystal structure of myelin PO (34). Although
the model can not predict the precise structure in regions of low sequence similarity, it
should be sufficiently accurate to predict core and surface residues and their spatial
arrangements. In addition, the molecular model of human MOG(1-120) is examined in
light of CD, calorimetry and NMR experimental data obtained on rat MOG(1-117). Using
the demyelinating model of EAE in the C. jacchus marmoset, we have identified the main
encephalitogenic epitope sequences of rat MOG (1-117) in this species. Although EAE is
efficiently induced in marmosets using rat MOG, due to close phylogeny, the C. jacchus -

marmoset MOG amino acid sequence is closer to that of human MOG rather than that of

13
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fhe rat. Thus, we have mapped the fine T cell and B cell epitopes specificities identified
in marmosets onto the homology model constructed for human MOG(1-120). The
epitopes are found to be predominantly located on solvent exposed regions in the model
and thus potentially accessible to antibody binding and/or proteolytic attack, which
represent prerequisites for antigen recognition and processing by the immune system.
Our experimental studies, in addition to providing evidence for our model, show that rat
MOG(1-117) can readily adopt either the predicted B-sheet fold or a predominantly o-
helical conformation dependent on the solvent conditions. To our knowledge, this is the
first time that structural plasticity is demonstrated for an important autoantigen in an
immune-mediated disorder. There is growing evidence that conformational instability
may be more prevalent than previously suspected in promoting tissue damage in many
neurological diseases, such as prion encephalopathies and Alzheimers (36).
Analogously, our data suggest that structural folding or misfolding of MOG(1-117) may
also be an important factor in the immunopathogenesis of MS and related CNS
demyelinating disorders.

Membrane proteins comprise approximately 30% of cellular proteins and are
involved in critical functions such as signaling (communication between cells), mediating
cell transport (including toxins), and within cell movement. Unfortunately, currently
available methods are inadequate in determining the structures of membrane proteins and
thus structure/function studies of this class of biomolecules are lagging behind those for
their aqueous soluble counterparts. The research proposed here directly addresses this
issue by proposing the development of new solid state NMR methods to study membrane
proteins, such as MOG. The work will bring together the multidisciplinary expertise in
BBRP on MOG and multiple sclerosis and in C&MS on solid state NMR methods -
development. The new techniques and tools for studying membrane proteins will provide
fundamental knowledge about this important MS autoantigen, and provide the scientific
community with a new powerful tool by which they can study other proteins, such as

toxin receptors, with applications for the development of biosensors.
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Figure 1: Putative topology of MOG
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Figure 2. Results of homology modeling of the extracellular domain of MOG (1-120) for
human an drat MOG. These are all of the human MOG model — A and C are showing one
face — the ABED beta sheet side and B and D are showing a 180 degree rotation so that
the other face — the A’GFCC’C” face is seen. A and B designate whether the surface
residue is acidic, basic, hydrophobic or polar — C and D show the model represented in
secondary structural elements — beta strands and loops — with the T-cell (green), B-cell

(blue) and T and B-cell (yellow) epitopes designated.
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Figure 3. Reactivity of the soluble MOG recombinant with:
monoclonal, MOG-specific marmoset Fab fragment M26 (top); serum from MOG-
immune marmoset U013-99 (middle); the murine monoclonal antibody 8.18.C5
(bottom). M26 and 8.18.C5 exclusively recognize conformational determinants of the

the recombinant
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Figure 4. . Reactivity of MOG-immune marmoset serum against the soluble MOG
recombinant (Liv-MOG=rMOG(1-117)) and the reference recombinant MOG used for

immunization (rMOG).
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Figure 5. CD spectrum of rtMOG[1-117] (0.17 mg/ml) in 10 mM phosphate at pH 7.5 at
25 °C, (") (B-form) and in the presence of 2 mM LPAP, (—) (o-form). A theoretical
fit to the CD spectrum yielded ca. 9% o-helix and 38 % [-antiparallel sheet, and ca. 15

% % o-helix and 27 % P-antiparallel sheet, for the B-form and o-form, respectively.
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Figure 6. °N-'"H HSQC spectrum of the extracellular domain indicating that the
extracellular domain in SDS buffer is either partially folded or two or more

conformations are present.
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Figure 7. '"H NOESY spectrum of transmembrane domain of MOG in DMSO.
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Figure 8, '"H TOCSY spectrum of transmembrane domain of MOG.
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Figure 10. Chemical Shift Index plot for transmembrane domain of MOG in DMSO.
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Figure 11. °C-"C Scalar coupling mediated, double quantum homonuclear correlation

spectrum.
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Figure 12. °C-"*C dipolar coupling mediated, signle quantum homonuclear correlation

spectur.
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Figure 13. Computer generated 'H-"N PISEMA solid state NMR simulation for

transmembrane domain of MOG.
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