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Chapter 1 ABSTRACT

This chapter presents a general introduction
to mouse myeloma proteins, antibody structure, and
the nature of antibody-antigen interactions. The
contributions of light and heavy chains to antibody
binding properties are also discussed and the
3-dimensional structure of the McPC 603 binding

site is examined in some detail.
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Chapter 2 ABSTRACT

The interaction of phosphorylcholine-binding
mouse myeloma protein McPC 603 and the isotopically
substituted hapten phosphoryl[methyl-13C]choline
has been investigated using !3C and 3!P nuclear
magnetic resonance spectroscopy. Upon binding to
antibody, upfield shifts of 0.7 and 1.5 ppm are
observed for the hapten !3C and 3!P resonances,
respectively, and both spectra are in the '"'slow"
exchange limit. Linewidth analysis indicates some
immobilization of the phosphate group but essen-
tially unrestricted methyl group rotation for the
bound hapten. Hapten-antibody dissociation rate
constants of 10 and 38 s~! are calculated from
13C and 3!P NMR spectra, respectively, suggesting
the possibility of differential dissociation rates
for the two opposing ends of the phosphorylcholine
molecule. The NMR data are entirely consistent
with the known X-ray structure of the McPC 603

Fab'-phosphorylcholine complex.
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Chapter 3 ABSTRACT

The binding site interactions between the
phosphorylcholine-binding mouse myeloma proteins
TEPC 15, W3207, McPC 603, MOPC 167, and MOPC 511 and
the isotopically subsituted hapten phosphoryl-
[methyl-13C]choline have been investigated using
13C and 3!P nuclear magnetic resonance (NMR)
spectroscopy. Each protein exhibits a unique NMR
pattern, but extensive similarities in chemical
shift parameters upon binding of hapten to immu-
noglobulin suggest a significant degree of conser-
vation of important hapten-binding site interactions.
Moreover, independent binding studies, in con-
junction with the NMR data, allow construction of
a simple model of the binding sites of these anti-
bodies, analyzed in terms of the relative strength
of interaction between hapten and two main subsites.
The NMR evidence supports the view that the heavy
chains of these proteins dominate in interacting with

bound phosphorylcholine.
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Chapter 4 ABSTRACT

We have determined the pH dependencies of the
binding affinities of the mouse myeloma immunoglobulins
M603, W3207, Tl5 and M167 for the haptens phosphoryl-
choline (PC) and L-a-glycerophosphorylcholine (GPC).
These affinities are generally maximal near neutral
pH with the exception of the binding of PC by M167
which is strongest at pH 5.5. These data have helped
to clarify the nature and relative importance of the
ionic interactions between hapten and antibody.

31P nuclear magnetic resonance (NMR) techniques
were used to probe the influence of pH on the micro-
environment of the phosphate group of several haptens
when these were bound to M603, W3207, T1l5, M167 and
M511. The phosphate subsites of M603, W3207 and T15
are electropositive and also show other similarities;
those of M167 and M511 have more electronegative
character than PC experiences in solution. The two
hydrogen bonds known to be formed between M603 and
the phosphate oxygens of PC are also involved in
binding GPC and are essentially unaffected by pH in

the region 3-9. Studies with the hapten 3-trimethyl-
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amino-l-propanolphosphate show that the binding
cavity of M167 is substantially wider than those of
M603, W3207 and T15.

These results lead to a detailed, molecular
model of the pH dependent binding of PC and related
haptens to these antibodies; they further indicate
the roles of various amino acid residues in defining
the differing ligand specificities of these

antibodies.
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Chapter 5 ABSTRACT

The phosphorylcholine (PC) affinities of
several hybrid immunoglobulins, formed from recom-
bination of light and heavy chains from parent
molecules with PC specificity, have been determined.
The results indicate a highly specific light-heavy
chain interaction in these antibodies since high PC
binding affinities are obtained only with autologous
recombinants or with heterologous recombinants in
which both parent molecules have a highly similar
light chain. It is proposed that the heavy chain
residues of these immunoglobulins determine both
the primary PC specificity and the differing fine
specificities; the important role of the different
light chains is then to stabilize unique heavy chain

conformations.



xix

Chapter 6 ABSTRACT

The domain structure of antibodies, as well
as the localization of various effector functions
to specific antibody regions, are discussed. Evi-
dence, from the literature, for the induction of
conformational changes in the antibody molecule as
a result of antigen binding is presented and the

possible nature of such changes is discussed.



Chapter 7 ABSTRACT

The six interchain disulfide bonds of TEPC 15
were trifluoroacetonylated and !°F NMR studies used
to probe the magnetic enviromments of the trifluoro-
acetonyl reporter groups. The use of various
enzymatic fragments of the intact immunoglobulin
enabled the observed fluorine signals to be partially
assigned to the known locations of the disulfide
bonds on the antibody molecule and the distinct
chemical environments seen for the !°F labels are
in good agreement with the known 3-dimensional
structures of antibodies. No change in environment
of the trifluoroacetonyl groups was observed upon
binding of TEPC 15 to phosphorylcholine or to
phosphorylcholine conjugated to a protein carrier.
Similar studies with trifluoroacetonylated MOPC 315
binding to 2,4-dinitrophenyl-sensitized sheep red
blood cells likewise resulted in no observable

changes in the !%F NMR spectrum.
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ABSTRACTS OF THE PROPOSITIONS

Proposition I
A chemical cross-linking experiment designed
to examine the structure of the membrane attack

complex of complement is proposed.

Proposition II
A study of the functional relationship between
the mast cell receptor for IgE and a membrane serine

esterase is proposed.

Proposition III
An NMR study of the binding of phosphoryl-
choline and related substances to C-reactive protein

is proposed.

Proposition IV
A study of the mode of action of the sweet

suppressor from Gymnema sylvestre is proposed.

Proposition V
A study designed to investigate the possible
significance of a specific rat 1liver target protein

for azocarcinogens is proposed.



PART I

STRUCTURE-FUNCTION RELATIONSHIPS IN
PHOSPHORYLCHOLINE-BINDING MOUSE

MYELOMA ANTIBODIES



Chapter 1
BACKGROUND



General Antibody Structure

Antibodies are immunoglobulins with known anti-
gen specificity. They are large (150,000-950,000
daltons) glycoproteins constructed on a common frame-
work. The basic unit of all immunoglobulins consists
of four polypeptide chains; two light chains (25,000
daltons) and two heavy chains (50,000-70,000 daltons)
symmetrically arranged so as to form two antigen-
binding sites (Lennox and Cohn, 1967; Edelman and Gall,
1969). These chains are held together primarily by non-
covalent forces but a network of disulfide bonds linking
them also usually exists. Higher polymers of this
basic unit (up to a pentamer) may exist and result
from disulfide bonding between monomers and a small
accessory protein termed J chain (Frangione and
Milstein, 1969). Immunoglobulins may be divided into
different classes on the basis of the C-terminal
sequence of the heavy chain they contain. Thus, pro-
teins containing vy, u, o, ¢ and § heavy chains comprise
the IgG, IgM, IgA, IgE and IgD immunoglobulin classes.
Additional classification into subclass has also been
made. Two types of light chain (x and i) occur through-

out the various immunoglobulin classes but in char-
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acteristically different ratios within different species.
Molecules of different immunoglobulin classes carry out
different biological functions and are often characterized
by different degrees of polymerization (Natvig and Kunkel,
1973).

All immunoglobulin chains contain internal homology
units which consist of a sequence of ~ 110 amino acids;
there are two such homology units in the light chain
and four or five in the heavy chain. The sequence of
the N-terminal homology unit in each light and heavy
chain is highly variable and forms the molecular basis
for the specificity of a particular antibody. The se-
quence of the remainder of the chain is constant within
each immunoglobulin class (Smith et al., 1971). There
is a large degree of sequence conservation between
homology units; in fact present-day antibody sequences
are now believed to have arisen by repetitive gene
duplication of an ancestral gene coding for one
homology unit (Hill et al., 1966; Singer and Doolittle,
1966) . The homology between such units extends to the
level of 3-dimensional structure; recent X-ray evidence
has shown each homology unit to contain a highly con-
served "immunoglobulin fold'", the main features of

which are a 3-stranded and a 4-stranded B-pleated sheet



which run roughly parallel and are fixed with respect
to each other by an absolutely conserved disulfide
bond (Davies et al., 1975). Two adjacent homology
units from different polypeptide chains interact to
form a compact globular region termed a domain. X-ray
studies have shown that the antibody molecule is Y-
shaped and consists of a series of these globular
domains connected by stretches of extended chain struc-
ture (Sarma et al., 1971; Huber et al., 1976; Silverton
et al., 1977). A further discussion of antibody struc-

ture is presented in Chapter 6.

The Antibody Binding Site

Antigen binding activity is confined exclusively
to the variable domain which is comprised of the N-
terminal homology units of the light and heavy chains.
Each monomeric antibody therefore is bivalent with
respect to antigen binding. X-ray crystallographic
studies of the Fab' fragments of a human IgGl (Amzel
et al., 1974; Poljak et al., 1973;: Poljak et al., 1974)
and a mouse IgA (Padlan et al., 1973; Segal et al.,
1974), both with known hapten binding specificity,
have played a crucial role in advancing our understand-

ing of the antibody binding site and allow some general
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observations to be made. The hapten binding site is
located at the extreme tip of the Fab "arm" and con-
sists of a more or less well-defined cleft between the
heavy and light chains. This cleft is lined exlusively
by hypervariable residues. The size and shape of the
binding cleft appears to be strongly dependent on the
sequence and especially the length of the individual
hypervariable loops and it is readily apparent how
changes in amino acid sequence in the hypervariable
regions might give rise to different binding speci-
ficities (Padlan, 1977). Furthermore, the region lined
by hypervariable region residues is sufficiently large
so as to allow the potential binding of many small
ligands of dissimilar structures. Thus, the tremen-
dous diversity of possible antibody specificities may
arise in part from the multiple antigen specificities
that a single combining site is capable of creating
(Richards et al., 1975). This model also allows the
variable participation of the individual hypervariable

loops in forming the antigen contacting surface.



The binding site of IgG New, a human myeloma pro-
tein discovered to have a high binding affinity for a
y-hydroxy derivative of vitamin Kl’ consists of a shallow
depression 6 Z deep and of approximate area 16 x 7 A
(Amzel et al., 1974). Residues from both light and
heavy chains contribute to the hapten-contacting sur-
face and, as expected, the binding interaction with this
non-polar hapten is predominantly of a hydrophobic
nature.

The binding site of the mouse myeloma IgA McPC
603 has been described as a ''wedge-shaped cavity' of
dimension 12 x 15 x 20 & (Segal et al., 1974). The
differences between proteins McPC 603 and New serve to
illustrate how greatly the shape of the combining site
can be varied by changes in hypervariable region se-
quences, even though the binding sites of these pro-
teins occur in identical regions of their respective
Fab fragments. McPC 603 binds phosp%orylcholine with
high affinity and the crystallographic data show that
the hapten binds so that the choline portion intrudes
into the cavity and the phosphate group binds towards
the exterior. In addition, the hapten binds asym-
metrically to the walls of the binding cleft such that

heavy chain residues contribute the majority of the



binding contacts (Padlan et al., 1976). 1In fact, only
a single light chain residue (96L) appears to contact
the phosphorylcholine molecule. Earlier chemical
modification experiments had argued for the importance
of complementary ionic interactions for this binding
interaction (Grossberg et al., 1974) and the X-ray
structure confirms this. The hapten quaternary nitro-
gen is stabilized by the acidic side chains of Glu 35H
and Glu 59H whereas the negative phosphate group is
stabilized by the ionic influence of Arg 52H and
possibly Lys 54H. In addition, there exist hydrogen
bonds to the phosphate oxygens from Tyr 33H and Arg
52H and the choline moiety is in extensive Van der
Waal's contact with other side chain residues, notably
Tyr 33H and Trp 104aH (Padlan et al., 1976). The design
of the binding pocket appears to allow the accommoda-
tion of the phosphorylcholine determinant even when,
as a phosphate diester, it occurs as part of a larger
antigenic structure. On the other hand, it seems un-
likely that significant structural changes in the
choline portion of the hapten can be tolerated because
of the close complementary fit of the antibody to this
portion of the hapten. The important binding inter-
actions between McPC 603 and phosphorylcholine are shown

in Figure 1.



Figure 1
Model of the binding of phosphorylcholine
to the combining site of McPC 603. The figure

is taken from Capra and Edmundson (1977).
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Light-Heavy Chain Interactions

The polypeptide chains of immunoglobulins are
held together by disulfide bonds and non-covalent
forces (Edelman and Poulik, 1961; Fleischman et al.,
1962). After reduction of these interchain disulfide
bonds, separation of the light and heavy chains can be
achieved by gel filtration in a denaturing solvent.
Commonly, 1 M solutions of organic acids (eg. propionic)
(Fleischman et al., 1962) or concentrated urea or
guanidine-HCl solutions or combinations of these are
used to achieve dissolution of quaternary structure
(Franek et al., 1965; Marler et al., 1964; Utsumi and
Karush, 1964). The stability of the separated chains
in neutral buffers is variable. When after chain
separation, light chains are dialized against neutral
buffers, they stay in solution whereas heavy chains,
under the same conditions, generally aggregate and
precipitate. Heavy chains can sometimes be induced to
remain soluble by maintaining the pH below 5.5
(Stevenson and Dorrington, 1970). Physical studies of
the isolated chains show that they retain structures
which are ordered yet different from those in the intact
immunoglobulin (Bjork and Tanford, 1970a, 1970b).

Renaturation of the dissociated immunoglobulin can

be effected by combining the separated chains in the
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denaturing solution, dializing against water to dilute

the denaturant, and subsequent dialysis against neutral
buffer (Porter and Weir, 1966). This renaturation can

be achieved both under conditions where the interchain

disulfides are allowed to reoxidize or where they have

been alkylated prior to renaturation.

The antigen binding capabilities of the isolated
chains from many immunoglobulin systems have been
studied with a view to ascertaining the role that these
chains play in creating the binding site. In general,
the isolated chains display little or none of the bind-
ing activity of the parent molecule (Painter et al.,
1972; Forre et al., 1976). This is almost universally
true for light chains (Edelman et al., 1963; Fleischman
et al., 1963; Hong and Nisonoff, 1966) although a few
cases of low affinity binding in these chains have been
reported (Yoo et al., 1967; Painter et al., 1972) . Sub-
stantial binding activity in isolated heavy chains seems
to be more prevelant. For example, the heavy and light
chains of horse antidiphtheria toxoid antibodies re-
tained 20 and 5% respectively of the binding capacity
of the parent antibody (Porter and Weir, 1966) and
similar results have been reported for anti-DNP anti-

bodies (Franek et al., 1965). It is clear, however,
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that in the large majority of cases studied neither
chain is able to bind antigen (hapten) to a significant
extent without the presence of its complementary chain.
A more fruitful approach to the study of the role
of individual chains has been the study of hybrid anti-
bodies composed of light and heavy chains from differ-
ent parents. Many studies have shown that the four
chain normal immunoglobulin structure is readily re-
gained upon proper renaturation of light and heavy
chains from different antibodies of the same (Edelman
et al., 1963; Metzger and Mannik, 1964; Hong and
Nisonoff, 1966) and even different (Hoessli et al.,
1974) species. However specific binding activity is
generally regained only with autologous recombinants
and this shows the requirements for formation of a
functional binding site with the original specificity
to bemch stricter than those governing renaturation
of the normal immunoglobulin structure. Heterologous
recombinants of monoclonal myeloma immunoglobulins
of similar specificity have been shown to exhibit
none of the original binding affinity in the cases of
phosphorylcholine (Sher et al., 1971) and DNP-
binding (Bridges and Little, 1971) proteins although

in a study of galactan-binding myelomas all hetero-
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logous recombinants showed high galactan affinity
(Manjula et al., 1976). In another study, significant
DNP binding activity was obtained in heterologous
hybrids formed from DNP-binding antibodies of two dif-
ferent species (Hoessli et al., 1974). However such
results are clearly exceptions and one can draw the
general conclusion that in the vast majority of cases
a particular antigen specificity is dependent on the

precise interaction of the parent immunoglobulin chains.

The Nature of Antibody-Antigen Interactions

Before the recent availability of several high
resolution X-ray structures of antibody binding sites,
considerable effort, utilizing a variety of techniques,
was devoted to obtaining insight into the binding site
structure and the nature of antibody-antigen interac-
tions. Early studies were concerned with such questions
as the degree of antibody specificity, the size of the
combining site, and the nature of the amino acids in
the binding region. These, as well as some more recent
studies, will be briefly reviewed here.

Early studies of Nisonoff and Pressman (1957) had
established the extreme specificity of the immune re-

sponse to the phenylazobenzoate group. These authors
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measured the ability of various structurally related
compounds to inhibit the precipitin reaction between
phenylazobenzoate coupled to a protein carrier and
specific rabbit antiserum. Both the negative charge

of the carboxylate group and the benzene ring of benzo-
ate were found essential for interaction with antibody.
Furthermore, compounds containing both the benzene ring
and another negatively charged group (eg. benzene sul-
fonate, benzene phosphate) were completely ineffective
in inhibiting precipitation. Similar studies have been
carried out in exhaustive detail on several antibody
systems, most notably those with specificity for DNP
groups (Eisen and Siskind, 1964). From these sorts of
studies several general conclusions have emerged: (i)
On immunization with a hapten-protein conjugate, the
region farthest from the protein carrier is immunodomi-
nant, ie. forms the energetically strongest interaction
with the antibody (Schechter, 1970). This is equiva-
lent to saying that the portion of a hapten (antigen)
protruding deepest into the binding cavity is bound
with the highest degree of specificity. (ii) Antibodies
have resolving powers similar to enzymes; errors of as
little as 1 R in hapten dimension can lead to total

loss of binding. (iii) The affinity of an antiserum
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is directly related to its specificity. (iv) Hydro-
phobic interactions, coulombic attractions, hydrogen
bonds, charge-transfer bonds and Van der Waal's inter-
actions all can contribute to varying degrees in creat-
ing a particular antigen specificity (Karush, 1962).
(v) It has become a well established principle that
antibodies to negatively charged groups usually contain
positive complementary residues in their binding sites
and vice versa for positively charged haptens (Grossberg
and Pressman, 1968; Freedman et al., 1968; Pressman
and Siegel, 1953; Grossberg and Pressman, 1960).
Various techniques have been employed in an
effort to identify specific binding site residues in
immunoglobulins. Affinity labelling was one of the
first to implicate hypervariable region residues as
forming the antigen binding site (Wofsy et al., 1966;
Singer et al., 1967). Residues from both light and
heavy chains are labelled in various antibody systems
although the heavy chain often contains the majority of
the label (Singer et al., 1971). If radioactive re-
agent is employed, the particular residue(s) labelled
can often be identified and this has been used to show
that reaction frequently occurs with only a limited

number of residues, reflecting, presumably, the highly



17

specific manner with which the affinity label is ini-
tially bound. Large differences in the labelling pat-
terns have been observed between highly similar phos-
phorylcholine-binding mouse immunoglobulins, showing

the great discriminatory powers of the technique (Metzger
et al., 1971; Chesebro et al., 1973). An interesting
application has been to employ bifunctional reagent to
cross-link appropriately-positioned reactive groups.
Using this approach, it was possible to cross-link the
light and heavy chains of MOPC 315 and to first estab-
lish the participation of both chains in the active

site (Weinstein et al., 1969). Non-site directed
chemical modification may also yield useful information.
Highly specific reagents which abolish binding activity
were used to infer the presence of arginyl and carboxy-
late groups in the binding site of the phosphorylchotine-
binding protein HOPC 8 (Grossberg et al., 1968). This
was later confirmed by X-ray crystallography (Segal et
al., 1974). Physical techniques such as solvent perturba-
tion spectroscopy have been used to purportedly show the
presence of certain types of aromatic amino acids in the
binding site (Callahan et al., 1974) but the information

obtained is too indirect to be of much value.
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Another approach, especially in view of the inter-
est in the possibility of multispecific binding sites
(Richards et al., 1975), has been to attempt to esti-
mate the size of the combining region for large, usually
repeating, antigens by measuring the ability of haptens
of increasing size to inhibit precipitation. From such
studies, it has variously been concluded the the com-
bining site is large enough to accommodate five or six
linked carbohydrate residues (Kabat, 1960; Lundblad et
al., 1972) or a tri or tetrapeptide (Schechter et al.,
1970a, 1970b). This size corresponds approximately to
that measured by e.s.r. In this case, Hsia and Piette
(1969) examined anti-DNP antibodies using haptens con-
taining a nitroxide radical and DNP ring separated by a
spacer group of varying length. The mobility of the
spin label, determined from the e.s.r. spectrum, was
used to prove the binding site depth. The obtained
value of 10-12 A also agrees well with the value of 12-
13 R estimated by Valentine and Green (1967) from elec-
tron microscope studies of anti-DNP antibodies. The
summation of these results leads to the conclusion that
the very small haptens often determined to bind to mono-
clonal antibodies do not represent the entire physio-
logical antigenic determinant against which these anti-

bodies are capable of reacting.
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Kinetic studies have also played an important part
in the characterization of the binding mechanism. Such
studies have generally been carried out on hapten-
antibody systems using stopped-flow or chemical relaxa-
tion methods. In the large majority of cases only a
single association rate constant with a typical value
of 107-108 M~! sec~! has been obtained (Froese and
Sehon, 1975; Pecht and Lancet, 1976). These numbers
approach the theoretically limiting value of 1-2 x 10°
M™! sec™! (Froese and Sehon, 1965) and strongly suggest
that the antibody-hapten encounter is essentially diffu-
sion controlled. However, even for simple antibody-
hapten associations, forward rate constants more than
three orders of magnitude lower than this limiting value
have been observed (Pecht, 1974). Within a given anti-
body system, the differing binding affinities of vari-
ous haptens are the results of differences in the dis-
sociation rate constant, as the association rate con-
stants are generally observed to be quite similar (Smith
and Skubitz, 1975; Haselkorn et al., 1974). These
studies thereforesupport the notion that variations in
the strength of antibody-hapten interactions are prin-
cipally determined by differences in the activiation

energies for dissociation of the complex.
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Determination of thermodynamic parameters yields
little useful information. Most antibody-hapten sys-
tems have both the enthalpy and entropy terms favoring
the association (Karush, 1962; Singer, 1965) although
examples are known where an unfavorable entropy term
dictates that the entire binding reaction be driven by
a favorable enthalpy change (Karush, 1957). Attempts
have been made to relate changes in AH and AS on bind-
ing to specific types of noncovalent interactions
(Karush, 1962), and it appears possible that apolar
haptens generally have more favorable entropy terms than
polar haptens, but the lack of definitive antibody
structural data in these cases generally does not allow
meaningful generalizations to be made. It is interest-
ing that although no difference in affinity is usually
observed for hapten binding to various sized antibody
fragments, a report by Merz et al. (1974) claims that
the Fab' and Fv fragments of MOPC 315 bind DNP-lysine
with increasingly higher affinity than the intact anti-
body. An analysis of the experiment suggests that these
differences are most likely the result of increasing
steric accessibility of hapten to the binding sites of

the progressively smaller fragments.
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Nuclear magnetic resonance (NMR) studies of sev-
eral antibody-hapten systems have been carried out.
Burgen et al. (1967) examined the binding of tetramethyl-
ammonium hapten to rabbit antibodies and concluded from
proton relaxation data that the energy barrier to hapten
methyl group rotation was directly related to the
affinity of the antiserum. Several other studies using
antibodies against the haptens o-carboxymethyl-4-
methylumbelliferone (Harina et al., 1977) and 2,4-dinitro-
4'-(chloromercuri)-diphenylamine (Haugland et al., 1967)
have yielded structural information about the binding
site. However, all the above studies suffer from the
disadvantage of using heterogeneous antibody.

A recent application of NMR has been to attempt to
solve the binding site structure of a monoclonal anti-
body in solution. Dwek and coworkers (Dwek et al., 1975;
Dwek et al., 1977; Dwek, 1977) have studied in detail
MOPC 315, a mouse myeloma protein specific for 2,4-di-
nitrophenyl haptens. Their approach has been to employ
a wide variety of magnetic resonance techniques (natural
abundance proton NMR, 31P NMR, esr, paramagnetic differ-
ence spectra etc.) to refine a predicted structure of
the protein based on model building studies (Padlan et

al., 1976). A final assessment of the accuracy of this
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method must await the crystallographic structure deter-
mination of MOPC 315. A somewhat different approach to
the study of the same protein was taken by Kooistra and
Richards (1978). These authors used various trifluoro-
methyl analogs of dinitrophenyl haptens to probe the
antibody binding site by !°F NMR and were able to map
certain structural features of the combining site as
well as the kinetic constants for several haptens bind-
ing to various-sized antibody fragments.

Some further solution studies of antibody-antigen
interactions, especially as they relate to possible
antibody conformational changes, are described in

Chapter 6.

Phosphorylcholine-Binding Mouse Myeloma Immunoglobulins

Plasmacytomas have been extremely helpful for
studying individual components of the normally hetero-
geneous immune response. These tumors appear to be
malignant proliferation products of a single plasma cell
and can be induced in high frequency by injection of
mineral oil into the peritoneal cavity of BALB/c mice.
The mechanism of plasmacytoma induction is poorly under-
stood but seems to be dependent on the creation of an

abnormal peritoneal environment (substances other than
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mineral oil can also be used) and the unique genetic
susceptibility of BALB/c mice (Potter, 1972). The
tumors grow to a large size in the solid form and can
usually be maintained indefinitely by serial transplanta-
tion into syngeneic mice (Potter and Fahey, 1960). The
tumor cells secrete monoclonal myeloma immunoglobulin
which is readily isolated from the serum.

Myeloma proteins with antigen binding activity
are usually discovered by screening procedures which
monitor the ability of the sera to bind radioactive
ligands or to precipitate large antigens. Approximately
five percent of mouse myeloma proteins exhibit a known
antigen affinity. Curiously, most of these proteins are
observed to bind either phosphorylcholine, 2,4-dinitro-
phenyl derivatives or polysaccharides (Potter, 1972).
The phosphorylcholine-binding group, of which 11 have
now been described (Potter and Lieberman, 1970; Sher et
al., 1971), was first observed to precipitate the
pneumococcal C polysaccharide; subsequently Leon and
Young (1971) demonstrated that the immunodominant group
of this antigen is phosphorylcholine. Most mouse mye-
loma proteins are of the IgA class, which is the major
antibody class present in fluids that bathe the mucous

membranes of the body. In addition, large numbers of
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IgA-containing plasma cells are found associated with
the gastro-intestinal and respiratory systems (Tomasi
and Grey, 1972). This has led to the rationalization
that the high frequency with which certain specificities
of IgA myelomas are observed is the result of clonal
expansion in the mouse gut due to antigenic stimulation
prior to neoplastic transformation. Presumably therefore,
the haptens which these immunoglobulins are observed to
bind are constituents of, or at least cross react with,
the normal bacterial flora in the gut of these mice
(Lennox and Cohn, 1967; Potter, 1971).

It is now universally accepted that myeloma pro-
teins with known antigen specificity represent a subset
of the normal antibody repertoire of the particular
animal and that therefore these proteins represent a
conveniently accessible source of monoclonal antibodies
for study. Direct evidence for this assertion derives
from the observation that, in the case of phosphoryl-
choline-binding immunoglobulins for example, immuniza-
tion of BALB/c mice with phosphorylcholine conjugated
to a protein carrier or with R36A polysaccharide results
in an antibody response largely restricted to the TEPC
15 idiotype (Claflin and Davie, 1974; Cosenza and
Kohler, 1972). Thus, the TEPC 15 idiotype represents
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the "normal" immune response in these mice to phosphoryl-
choline-containing antigens. By all measurable criteria
the binding of phosphorylcholine and pneumococcal
polysaccharide by the mouse myeloma proteins parallels
the interactions of haptens and antigens with conven-
tional antibodies.

The in vivo antigens for the phosphorylcholine-
binding immunoglobulins are not known but one possibility
has been suggested to be (Glaudemans et al., 1977) the
species-specific C-techoic acid occurring in the cell

walls of all Streptoccocci pneumoniae (Brundish and

Baddiley, 1967; Watson and Baddiley, 1974). This anti-
gen is apparently a complex polysaccharide containing
phosphorylcholine attached to the 3' position of N-
acetylgalactosamine residues via a phosphodiester bond.
Specific properties of the phosphorylcholine-
binding myeloma proteins will be discussed in later
chapters and only a brief, general outline is given here.
Eleven independently induced plasma cell tumors have
now been discovered to precipitate the pneumococcus C
polysaccharide of which phosphorylcholine is a constitu-
ent (Cohn, 1967; Cohn et al., 1969; Potter and Leon,
1968; Potter, 1972). Of these 11, only five are idio-
typically distinct (TEPC 15, McPC 603, W3207, MOPC 167

and MOPC 511), the remainder being idiotypically
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identical to TEPC 15. The five distinct proteins,
while showing moderately high phsophorylcholine
affinities (Metzger et al., 1971; Pollet and Edelhoch,
1973; Chesebro and Metzger, 1972) differ amongst each
other with respect to binding of phosphorylcholine
analogs (Leon and Young, 1971), affinity labelling pat-
terns (Metzger et al., 1971; Chesebro et al., 1973)
and changes in various optical parameters upon hapten
binding (Morris et al., 1974; Pollet et al., 1974).
Immunization with phosphorylcholine results in a pre-
dominantly TEPC 15 response in BALB/c mice, whereas
immunization of other mouse strains results also in
the production of antibodies similar to various of the
other idiotypes (Claflin, 1976). This brings to mind
such questions as the nature of the functional differ-
ences among these immunoglobulins, how these are
related to amino acid sequence variations, and the
evolutionary advantage of being able to generate dif-

ferent antibodies of apparently similar specificity.
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Chapter 2
MAGNETIC RESONANCE STUDIES OF THE BINDING
SITE INTERACTION BETWEEN PHOSPHORYLCHOLINE
AND MOUSE MYELOMA IMMUNOGLOBULIN M603
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INTRODUCTION

Antibodies, the primary molecules of the immune
response, are responsible for the specific recogni-
tion of antigen and also for other, biologically im-
portant, effector functions which include initiation
of the complement cascade, release of histamine from
mast cells, and activation of the differentiation
of B lymphocytes into antibody-producing plasma cells
(Metzger, 1974). X-ray crystallographic techniques
have recently revealed the three-dimensional structures
of some antibodies and their Fab fragments (Davies et
al., 1975; Poljak, 1975) and correlation of antibody
structure with various biological functions has
attracted interest (Yasmeen et al., 1976; Hurst et al.,
1974). A precise knowledge of the molecular details
(both structural and dynamic) of the interactions be-
tween antigen and antibody is central to a thorough
understanding of antibody specificity and the relation-
ship between the structure of an antibody and its
function. Various physical techniques have been em-
ployed to elucidate such information including cir-
cular dichroism (Rockey et al., 1972), chemical modi-
fication (Grossberg et al., 1974), and magnetic reso-
nance (Dwek et al., 1976). We have initiated a sys-

tematic study of the correlation between antibody
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structure and hapten binding properties of a group of
myeloma proteins which have specificity for phosphoryl-
choline and related substances (Potter, 1972). The
study of these antibodies offers several advantages:
(i) the immunoglobulins can easily be obtained as homo-
geneous proteins in relatively large (gram) quantities;
(ii) extensive amino acid sequence data are available
for many of them (Barstad et al., 1974; Hood et al.,
1975); (iii) the three-dimensional structure of the
Fab' fragment of a typical member of this group, M603,
has recently been reported (Segal et al., 1974).

This knowledge allows the results of binding experi-
ments to be interpreted in terms of known and infer-
rable molecular structures.

Magnetic resonance affords a physical technique
for studying hapten-antibody interactions which is
particularly well suited to phosphorylcholine as one
can observe events occurring at either end of the
hapten using the signals from 3!P (natural abundance)
in the phosphoryl group and !3C (enriched) in the tri-
methylammonium group without significant interfer-
ence from protein signals. We report here the re-
sults of such a study of the interaction between
phosphorylcholine and M603. The main goals of this

work are (i) to characterize the specific spectral
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changes (chemical shift and line width) of the !3C and
31P hapten resonances caused by binding to protein
M603; (ii) to rationalize these observations in terms
of known binding-site interactions including the dy-
namics of this hapten-antibody interaction. We hope
this particular study can serve as a basis for subse-
quent studies of the interactions between phosphoryl-
choline and other phosphrylcholine binding myeloma pro-

teins of somewhat different structure and specificity.

Exchange Rate Theory

The nature of the NMR spectrum observed for a
system in which a nucleus is exchanging between two
magnetically nonequivalent enviromments is determined
by the ratio of the chemical shift difference between
the two environments and the mean lifetime in the two

environments (Pople et al., 1959).

(i) The '"slow exchange' situation arises when
T > V2 /(2n4) &N

In the case of antibody-hapten association where a
nucleus on the hapten is being observed, A is the
chemical shift difference (in Hz) between the free

(F) and antibody-bound (B) states and t is the mean
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lifetime of the hapten in the two environments:

T I
F B

A separate signal is seen for the hapten in each of the
two environments and the observed linewidth of each
signal is related in a simple manner to the intrinsic

linewidth and the lifetime in that environment:

1 1
TTAV1/2 = L = T—- + jr— (3)

Ty 2

obs

For the antibody-hapten complex, this may be expressed

as (Hull et al., 1976)

_ 1 1 _ 1
(mavy) =g —+ =g+ ks (4)
B ?_B B 2B
and for the free hapten
_ 1 1 _ 1
(TTA\)LE)F = ,'I'.—z—— + '1? = T——z + kon[A] (58.)
F F
- [AH]
= + Koee THI (5b)
F
T2 and T2 are the intrinsic transverse relaxation
B F

times (in the absence of exchange) of the bound and

free ligand respectively, Av, is the observed linewidth
2



41

and koff and kon are the dissociation and association
rate constants of the antibody-hapten complex.
(ii) As 1 decreases the two signals approach each

other and finally coalesce at
= 7/2/(2n4) (6)

This situation is termed 'intermediate exchange'" and is
the most difficult to analyze for relaxation or ex-
change information.

(iii) "Fast exchange'" arises when
T < ¥V2/(2n4) (7)

A single absorption is observed which occurs at a
chemical shift which is a weighted average of the two

environments

Sobs ~ PF

§p + opdp (8)
where § represents chemical shift and p represents

mole fraction of hapten. The observed linewidth is the
weighted average of the intrinsinc linewidth of the
free and bound hapten signals plus an additional term
due to the exchange process:

PR 4ﬂzonoBA2

koes

(mAv (9

1)

obs



42

MATERIALS AND METHODS

Maintenance of McPC 603 Plasmacytoma

BALB/c mice containing the McPC 603 tumor were
obtained from the Salk Institute, La Jolla, Califor-
nia and the McPC 603 tumor line was maintained by serial,
subcutaneous transplantation of 1 mm?® pieces of solid
tumor into BALB/c mice. For production of large
quantities of immunoglobulin, the tumor was converted
to the ascites form in CDFl (BALB/c x DBA/2) mice
(Cumberland Farms, Tennessee). This was accomplished
by mincing the BALB/c solid tumors through a fine mesh
metal screen and injecting the resultant cell suspen-
sion, diluted with a balanced salt solution, intra-
peritoneally into female CDFj mice. Ascites fluid
could be collected from these mice 10-20 days after
injection.

On occasion, mice from a variety of different
vendors had to be used but no differences in tumor

growth were observed.

Preparation of Phosphorylcholine-Sepharose Affinity

Column

p-Diazonium phenylphosphorylcholine was synthe-
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sized by a procedure similar to that of Bird (1967)
and Chesebro and Metzger (1972) as briefly outlined
below.

Choline iodide was prepared by the direct com-
bination of methyl iodide and a 10-fold molar excess
of dimethylaminoethanol in ether. The reaction mix-
ture was stirred for 24 hours and the precipitated
product was washed with ether and dried. The yield
was quantitative. Choline iodide (10 mmoles),
p-nitrophenylphosphorodichloridate (10 mmoles, Aldrich)
and dried quinoline (10 mmoles) were dissolved in a
total of 7.5 ml distilled and dried (barium oxide)
acetonitrile and stirred in the dark for 5 hours at
0°C. Then 5 ml pyridine and 1 ml water were added and
stirring continued for 30 minutes at room temperature.
The solvent was removed by flash evaporation and the
resultant yellow-green syrup dissolved in water and
deionized by passage through an Amberlite MB-3
column. The product, p-nitrophenylphosphorylcholine
was obtained from the eluate after lyophilization in
53% yield. It was stored in the dark at room tempe-
rature.

p-Nitrophenylphosphorylcholine (1.2 mmole) was
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dissolved in 20 ml methanol and quantitatively reduced
with Hy using 80 mg of 5% palladium on charcoal catalyst.
After removal of the charcoal by filtration, the sol-
vent was removed by flash evaporation. The unstable
amine was immediately dissolved in 8 ml cold 1 N HCl

and diazotized with NaNO, at ~15°C. A small excess

of NaNO, (as monitored with starch-KI paper) was

used and after completion of diazotization was destroyed
with urea. The p-diazoniumphenylphosphorylcholine was
used immediately.

The coupling procedure was based on the general
method of Cuatrecasas (1970). To 200 ml carefully
washed Sepharose 4B was added 200 ml H,0 and 40 g
finely crushed CNBr. Alternatively, the CNBr was
dissolved in a small volume of dioxane. The pH was
kept at 10.5-11 by the addition of 8 N NaOH and the
temperature was kept at 20°C. Activation of the gel,
as monitored by cessation of the pH decrease, was
complete after 20-30 minutes. The activated gel was
washed rapidly with large amounts of ice-cold borate-
buffered saline (pH 8). The washed gel was then
stirred with 2 g glycyltyrosine in the same buffer

for 24 hours at 4°C. After again washing the gel to
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remove excess ligand, it was stirred in the presence
of 0.6 mmole p-diazoniumphenylphosphorylcholine in
borate-buffered saline for 10 hours at room temperature.
The intensely orange-colored gel was then extensively
washed with buffer. The product consists of phenyl-
phosphorylcholine coupled, via a diazo linkage, to the
aromatic ring of the spacer group Gly-Tyr. The gel
was routinely stored in 1 N acetic acid to prevent
base catalyzed hydrolysis and was equilibrated with
buffer just prior to use. Such an affinity gel has

remained stable for 4 years.

Purification of McPC 603 Protein

Ascites was obtained from tumor-swollen mice in
typical yields of 3-5 ml per mouse per tapping. Each
mouse could be tapped 3-6 times before expiring. Mice
that had been primed with an intraperitoneal injection
of mineral oil (0.5 ml) one month prior to tumor injec-
tion (Potter, 1972) gave higher yields of immunoglo-
bulin and were therefore routinely used. From such
mice approximately 2-6 mg immunoglobulin per ml
ascites could be obtained, resulting in a total of

10-180 mg pure immunoglobulin obtainable from each
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mouse. Ascites was either used fresh or stored frozen
after centrifugation to remove cellular material.

The ascites was filtered through glass wool to
remove gelatinous and oily material and to it was
added a 107 volume of 2 M Tris, pH 8.6 buffer. The
solution was reduced with 0.01 M dithiothreitol for
1 hour at room temperature, the pH lowered to 8 by
the addition of an appropriate volume of 2 M Tris,
pH 7.3 buffer, and then alkylated with a 10% excess
(0.022 M) iodoacetamide for 1 hour at 0°C. The protein
solution was then dialized against a buffer consisting
of 0.02 M borate, 0.16 M NaCl, 1mM EDTA (BBS) to
remove unreacted reagents and subsequently passed down
the phosphorylcholine-Sepharose affinity column equili-
brated with the same buffer. After the effluent had
reached background absorbance at 280 nm, the McPC 603
protein was immunospecifically eluted with 10 mM
phosphorylcholine in BBS. The protein solution was
then typically concentrated and exhaustively dialyzed to

remove bound hapten.



47

Fab' Fragments

McPC 603 Fab' fragments, for use in NMR experi-
ments, were prepared as described for MOPC 315 (Inbar
et al., 1971). To purified McPC 603 at a concentration
of 10 mg/ml in a 0.05 M sodium acetate, 0.05 M NaCl,
pH 4.7 buffer was added 1% (w/w) 2X recrystallized
pepsin (Sigma, 4100 units/mg). The mixture was incu-
bated for 6 hours at 37°C after which large amounts of
precipitated protein (Fc peptides) were seen. On
raising the pH this protein redissolved. The entire
digestion mixture was then run down the phosphoryl-
choline affinity column equilibrated with BBS and pro-
tein retaining hapten binding activity was eluted with
1 mM phosphorylcholine. SDS polyacrylamide gels
(Fairbanks et al., 1971) showed only 2 bands of
apparent MW 25,000 and 34,000 attributed to the light
chain and Fd fragment respectively. This protein
therefore consisted of essentially pure Fab' fragment

and was used without further purification.

Synthesis of Phosphoryl [methyl-!3C]jcholine

[methyl-13C]Iodide (90.8 atom % !3C) was ob-

tained from Thompson Packard Inc. [methyl-13C]-
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Choline iodide was first prepared by the direct combi-
nation of dimethylaminoethanol and [methyl-!3C]iodide
(Chesebro and Metzger, 1972).

The phosphorylation of the [methyl-!3C]choline
iodide was similar to the procedure of Baer (1947,
1952). Carefully dried [methyl-!3C]choline (7 mmoles),
diphenylchlorophosphate (8 mmoles), 10 ml of 5 mm glass
beads and 10 ml dried pyridine were vigorously stirred
in a closed vessel for 2 days at room temperature.

The residue was dissolved in 20 ml H,0, filtered, and
the solvent removed under reduced pressure. The
remaining syrup was dissolved in 50 ml H,0 and refluxed
in the presence of 17 g Ba(OH),-8H,0 and 0.1 ml
l-octanol for 1% hours to hydrolize the product. The
hot solution was neutralized with carbon dioxide and
filtered. After extraction of the filtrate with 50 ml
ether the water was removed in vacuo at a temperature
of <50°C. The residue was dissolved in 15 ml H,0, an
equal volume of ethanol was added, and the resultant
precipitate (containing most of the impurities) was
discarded. The barium salt of phosphoryl[methyl-13C]-
choline iodide precipitated overnight after raising

the ethanol concentration to 80%. The crystals were
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washed with absolute ethanol and ether and then dried

by heating under vacuum at 100° over P,05. The yield

was approximately 607%. The purity of the product was

verified by !H and !3C NMR spectroscopy and thin-layer
chromatography (see Figures 2 and 3). It stained

positive for phosphate esters (Dittmer and Lester, 1964).

Hapten Binding Assays

Phosphoryl [methyl-1“C]choline was obtained from
New England Nuclear. Equilibrium dialysis was performed
in Lucite cells with 2-ml compartments using reduced
and alkylated monomeric IgA at concentrations of

1-2 mg/ml. Protein concentration was determined by

0.1%

1 1.36. This wvalue

absorbance at 280 nm using &
was determined experimentally for TEPC 15 by direct
absorbance measurements of weighed, lyophilized protein
samples and is in good agreement with published values
of 1.34 (Chesebro and Metzger, 1972) and 1.40 (Pollet
and Edelhoch, 1973). A molecular weight of 150,000

per IgA monomer was used in calculations. The cells
were then agitated for 24 hours at a constant tempera-

ture (either at 4°C (cold room) or at 30°C (constant

temperature bath)) as the binding affinity is strongly
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Figure 2

13C NMR spectrum of synthetic
phosphoryl [methyl-!3C]choline in borate-
buffered saline (pH 8).
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Figure 3
13C NMR spectrum of commercial phosphoryl-

choline (Sigma) in borate-buffered saline (pH 8).
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temperature dependent. 1 ml solution was withdrawn
from each side of each dialysis cell and dissolved in
10 ml1 Aquasol scintillation cocktail (New England
Nuclear). Samples contained from 50-20,000 cpm and
were counted for 20 minutes so that the counting error
ranged from 5% to 0.3%.

The data were plotted as r/c vs. r where ¢ is the
unbound hapten concentration and r is the antibody-
bound hapten concentration divided by the antibody
concentration (Scatchard, 1949). A least-squares fit
was used to obtain the best straight line through the

data points.

NMR Sample Preparation

After affinity purification, protein solutions were
exhaustively dialized to remove bound hapten. They were
then concentrated to ultrafiltration in an Amicon cell
using a PM-10 membrane. NMR samples consisted of 2-3 ml
of 3-4 mM McPC 603 Fab' or reduced and alkylated 7S

monomer prepared in this manner. Protein concentration

0.1%.
1 em

of 55,000 for the Fab' fragments. Small aliquots of a

was calculated using c 1.36 and a molecular weight
concentrated (0.2 M) phosphorylcholine stock solution
were added to the protein sample to achieve the desired

hapten concentration. To prevent the formation of small
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amounts of turbidity which were occasionally observed
after 24 hours, sodium azide to 0.02% was added to NMR
samples.

Protein samples used for NMR xperiments could be
reused after repurification. The concentrated NMR
samples were diluted with BBS, dialized to remove bound
hapten, and repurified by affinity chromatography. . They
were then extensively dialyzed to remove bound phospho-

rylcholine and reconcentrated.

NMR Experiments

NMR spectra were obtained on a Varian XL-100-15
spectrometer interfaced with a Varian 620i computer
and operating in the Fourier transform mode. Both 13C
spectra (obtained at 25.2 MHz) and 3!P spectra (40.5
MHz) were proton noise decoupled and obtained at the
normal probe temperature of 30 # 2°C. A deuterium
field-frequency lock was provided by means of a 5 mm
capillary insert containing D,0 which was placed inside
the 12 mm sample tube. The data were accumulated
using a 90° pulse and an acquisition time of 0.3-

0.4 seconds. A sweep width of 1000 Hz was commonly
used. Generally at least 100,000 transients were

accumulated per spectrum.
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RESULTS

Hapten Binding Constants

Scatchard plots of binding of phosphorylcholine
to reduced, alkylated McPC 603 at two different tempe-
ratures are shown in Figures 4 and 5. The data are
linear and extrapolate to 1.9 binding sites per IgA
monomer. Mild reduction and alkylation of immunoglobu-
lins has been previously demonstrated to have no effect
on their binding properties (Sher and Tarikas, 1971).
For McPC 603 and phosphorylcholine this technique gives
association constants of 8.2 x 105 (at 4°C) and
1.0 x 105 M~! (at 30°C). These constants are in good
agreement with those reported previously (Rudikoff
et al, 1972; Metzger et al, 1971; Potter, 1972) under
somewhat ill-defined experimental conditions. For
interpretation of the NMR results, however, we wished to
have association constants obtained under conditions
identical with respect to buffer composition and tempe-
rature to those employed in the NMR measurements. Al-
though the protein concentrations were two orders of
magnitude higher in the NMR experiments than in the
equilibrium dialysis measurements, previous work has

shown the hapten-antibody association constants
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Figure 4

Scatchard plot of phosphorylcholine binding
to McPC 603 at 4°C. Datawere obtained by equilibrium
dialysis in a 0.02 M borate, 0.16 M NaCl, 1 mM EDTA

buffer.
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Figure 5
Scatchard plot of phosphorylcholine binding
to McPC 603 at 30°C.
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of phosphorylcholine-specific myeloma proteins to be
independent of immunoglobulin concentration (Sher and

Tarikas, 1971).

NMR Results

Figure 2 shows the !3C spectrum of the isotopically
enriched synthetic hapten phosphoryl [methyl-13C]-
choline. The proton-noise decoupled spectrum consists
of a 1:1:1 triplet (J13C-14N = 4 Hz) (methyl carbon
atoms) which occurs at -54.3 ppm from tetramethylsilane.
For comparison purposes, the natural abundance !3C NMR
spectrum of commercial phosphorylcholine (Sigma) is
shown in Figure 3. The methyl group signal of this
latter compound coincides exactly with the spectrum of
the isotopically enriched hapten.

31P magnetic resonance may be used to monitor the
state of ionization of phosphate esters (Crutchfield
et al., 1967; Moon and Richards, 1973) and our results
in this case show that monoprotonation occurs with a
PK of 5.3 + 0.1 and results in an upfield shift of
3.8 ppm (Figure 6). At pH > 7 phosphorylcholine exists
almost exclusively as the dianion, the ionization state
of the hapten which is recognized by the antibody under

physiological conditions.
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Figure 6

31p NMR titration curve of phosphorylcholine.
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At pH 8.0 in the absence of immunoglobulin, the
31p NMR spectrum of phosphorylcholine is a single sharp
line (Av% = 3 Hz) which occurs at -3.36 ppm from an
external reference of 857% HqPO,. Figure 7 shows a
typical 3!P spectrum for solutions containing an excess
of phosphorylcholine over McPC 603 Fab'. Two separate
signals are observed, one for the hapten free in solution
and one for the hapten bound to antibody. Binding of
hapten to antibody leads to an upfield shift of 1.5 ppm
and is accompanied by appreciable line broadening.

That both the observed change in chemical shift as well
as line-broadening effects were due to specific inter-
actions of the hapten with the immunoglobulin was veri-
fied bycontrol experiments with non-binding proteins
such as bovine serum albumin in which case neither

line width nor chemical shift was significantly affected.
Even at high protein concentrations, nonspecific
binding of phosphorylcholine to regions of McPC 603

Fab' other than the antigen binding site is considered
unlikely since crystals of the protein soaked with
phosphorylcholine have been shown to exhibit only one
binding site per Fab' monomer (Rudikoff et al., 1972).
In addition, no evidence for the presence of additional,

weaker hapten binding sites has been observed in the
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Figure 7

31p NMR spectrum of 3.7 mM McPC 603 Fab'
and 4.7 mM phosphorylcholine at pH 8.0. An
acquisition time of 0.4 sec and a pulse width
of 105 usec were used. The spectrum represents

the accumulation of 113,000 transients.
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present work. Fab' fragments were generally used for
NMR experiments primarily because their use results in
a lower sample viscosity and allows one to obtain
higher effective binding site concentrations. When the
complete McPC 603 protein was used (reduced and alkylated)
spectra were obtained which were identical to those
resulting from the use of Fab' fragments.

Binding of phosphoryl [methyl-13C]choline to
McPC 603 Fab' results in a small upfield shift (0.7
ppm) of the !3C NMR signal with little concomitant line
broadening as shown in Figure 8. Again, two separate
peaks are observed indicating that the hapten is in
"slow exchange'" on the NMR time scale. On binding of

hapten to antibody the !3C-1%N splitting is lost.
DISCUSSION

General

The 3-dimensional structure of McPC 603 Fab'
has been determined to 3.1 K resolution (Segal et al.,
1974) and provides a structural basis for subsequent
discussions. In this study, the phosphorylcholine
molecule was shown to bind in a wedge-shaped cavity
lined exclusively by residues from the hypervariable

regions of the heavy (H) and light (L) chains. The
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Figure 8

(a) 1!3C NMR spectrum of a two-fold excess
of phosphoryl[methyl-!3C]choline over McPC 603 Fab'
at pH 8.0. Fab' concentration was 3.2 mM. An
acquisition time of 0.3 sec and a pulse width of
35 usec were used and 227,000 transients were
collected. The spectral baseline is formed by the
natural abundance !3C spectrum of the protein.

(b) 1!3C NMR spectrum of phosphoryl[methyl-
13C]choline at pH 8.0.
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choline end of the hapten binds in the interior of this
cavity and is in close Van der Waal's contact with
mainly hydrophobic protein side chains, whereas the
phosphate group binds more toward the exterior of the
cavity. Specific hydrogen bonds are formed between the
phosphate oxygens and Tyr 33H and Arg 52H; further
interaction of an ionic nature may arise from the nearby
Lys 54H. Two carboxylate anions (Glu 35H and Glu 59H)
(Padlan et al., 1976) interact ionically with the
positively-charged quaternary nitrogen of the hapten.
Thus, hydrogen bonds and ionic and hydrophobic inter-
actions play specific roles in stabilizing the antibody-
hapten complex.

The potential usefulness of phosphorylcholine
arises from the possibility of observing chemical shifts
as well as relaxation phenomena (Tl and T2) indepen-
dently for both ends of the hapten. Knowledge of chem-

ical shifts for the bound hapten can reveal information
about the local environment of the nucleus being observed.
Analysis of spin-lattice (Tl) and spin-spin (Tj) rela-
xation rates may shed light on dynamic processes such

as rates for association and dissociation and the
mobilities of different regions of the hapten molecule

when bound to antibody.
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Chemical Shift and Environment

The chemical shift of the 3!P nucleus is dominated
by the paramagnetic term (Emsley et al., 1966). The
paramagnetic term depends on the magnetic moment of the
orbiting electrons and is therefore strongly dependent
on the symmetry of the electron cloud around the 31!P
nucleus. Because of the large change in this symmetry
upon ionization of the phosphate group, it is possible
to sensitively monitor the ionization state of phos-
phate esters by 3!P NMR (Cohn and Hughes, Jr., 1960)
and an upfield shift of 3.5-4.5 ppm is commonly observed
for the addition of one proton (Crutchfield et al.,
1967; Lee and Chan, 1971; Gorenstein and Myrwicz, 1973;
Moon and Richards, 1973) which agrees well with the shift
of 3.8 ppm upfield on monoprotonation of phosphoryl-
choline. On binding to McPC 603, the 3!P hapten reso-
nance moves upfield by 1.5 ppm which we suggest is due
to partial protonation of the phosphate group by the
formation, between amino acid residues in the immuno-
globulin and the hapten, of hydrogen bonds (from Tyr 33H
and Arg 52H) that partially neutralize the negative
charge on the phosphate.

This interpretation parallels, for example, that

of Gorenstein and Myrwicz (1973) for the binding of
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cytidine 3'-monophosphate to ribonuclease A in which
the 3!P signal experienced an upfield chemical shift
of 0.3 ppm which was interpreted to be the result of
partial neutralization of the negative charge on the
phosphate as a consequence of interaction with positive
enzyme residues. Similar conclusions had previously
been reached from proton NMR studies (Meadows and
Jardetzky, 1968; Meadows et al., 1969) as well as from
X-ray diffraction studies of the complex between ribo-
nuclease A and cytidine 3'-monophosphate (Richards and
Wyckoff, 1971).

Many factors (Stothers, 1972) could account for
the observed !3C shift on binding of 0.7 ppm upfield.
One possibility is that the effective charge on the
carbon nucleus is reduced when the trimethylammonium
group interacts with negatively charged residues in the
hapten binding pocket of the immunoglobulin (for example
Glu 35H and Glu 59H). This would result in increased
shielding of the carbon nucleus and an upfield shift.

However, the experimental observation that the
chemical shift of the !3C signal of bound hapten is
pH-independent in the region 3-8 (as is the signal of
the free hapten) casts some doubt on this interpretation

since the antibody carboxylate groups stabilizing the
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quaternary nitrogen of the hapten might be expected to
titrate (to at least some extent) in this pH range.
Examples (such as pepsin) where a carboxyl group titrates
with a pK < 3 are, however, also known (Hartsuck and
Tang, 1972). Protonation of these carboxylates should
significantly decrease the chemical shift on binding,
which is not what is observed. Therefore, we favor

the explanation that the !3C shift on binding is largely
due to the unusually hydrophobic nature of the binding
site environment for the hapten methyl groups (see
Chapter 3).

It is also conceivable that the hapten may have a
substantially different conformation when bound to anti-
body than when free in solution, which provides another
potential contribution to changes in chemical shift of
hapten on binding. It can be seen using molecular models
that the "eclipsed" conformation would bring the nitrogen
and phosphorous atoms into such close spatial proximity
that severe steric crowding would result. In solution,
therefore, phosphorylcholine probably exists predominant-
ly in a substantially '"trans" conformation even though
such a conformation would minimize favorable intra-

molecular ionic interactions between cationic nitrogen
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and anionic oxygen atoms. Phosphorylcholine when bound
to McPC 603 has been revealed by diffraction studies of
crystals (Segal et al., 1974) to have a conformation
possibly slightly more eclipsed than one might expect
for phosphorylcholine free in solution. Such a change
in conformation might cause a small downfield shift in
the 3!P resonance on binding due to a linear diamagnetic
field effect arising from the closer proximity of the
quaternary nitrogen. For similar reasons, it might be
expected to shift the 13C resonance upfield on binding,
as observed. However, since we observe an upfield shift
for the 31P signal on binding, such an effect, if present,
is nevertheless dominated by the shift contribution we
have attributed to charge neutralization by partial pro-
tonation of, and hydrogen bond formation to, the phos-
phate group by antibody residues in the binding pocket.
Though effects other than charge neutralization may
contribute to both the observed 3!P and !3C shifts, the
importance of interactions between charges on the hapten
and on the immunoglobulin has been previously demon-
strated not only by X-ray diffraction studies but also
by binding studies. For example, the inability of the
phosphorylcholine analogues phosphorylethanolamine and

choline to compete effectively for hapten binding to
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McPC 603 (Leon and Young, 1971) provides additional
evidence for the importance of both the quaternary
nitrogen and the negative phosphate group to the

hapten-antibody interaction.

Relaxation-Dynamic Behaviour

The observation of two distinct peaks in both the
13C and 31P NMR spectra which correspond to phosphoryl-
choline free in solution and bound to antibody implies
that the hapten exchanges between these two environments
at a rate which is slow on the NMR time scale. Never-
theless, the situation is not one in which the mean life-
time of the hapten-antibody complex is so long that the
observed spectrum is not to some degree influences by
the exchange process. Broadening of the linewidths
results from this exchange and the magnitude of this
broadening allows one to estimate tg. This procedure
is simplified in spectra where pp = pp and Tp T TR
so that tg = 2t (from equation 2y .

The spectra of both Figures 7 and 8 manifest some
exchange broadening allowing lifetimes for both the
phosphoryl and trimethylammonium ends of the bound

hapten to be determined. Apparent inequalities between
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these two values may reflect the possibility for dis-
gociation of one end of the hapten molecule from its
binding pocket on the antibody to an essentially solu-
tion-like environment while the other end remains bound.
vValues of k re = TB—I estimated in this way can be used
in conjunction with the independently determined equi-
l1ibrium asscciation constant of 105 M™! (at 30°C) to
obtain values for kon = Ka-koff, the rate constant for
hapten-antibody association. From analysis of the 31!P
and !3C spectra, k,ff rates of 38 + 15 (31P) and 10 =

4 sec”! (13C) were determined. This allows one to
calculate an approximate value for k,, of 1-4 x 108

M™! sec”™!. The observed rate constants fall within

the range of values measured independently for a

variety of hapten-antibody systems (Haselkorn et al.,
1974; Pecht, 1974). In the work of Haselkorn et al.
(1974) large differences in k., Were observed for
haptens with only slightly differing structures, leading
these authors to conclude that antibody-hapten associa-
tion may be more complex than a simple diffusion-control-
led encounter. 1In fact, association rate constants more
than three orders of magnitude lower than the theo-
retically limiting value of 1-2 x 10% M~! sec~!

(Froese and Sehon, 1965) have been observed for simple
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antibody-hapten associations (Pecht, 1974). These
discrepancies between observed and diffusion-controlled
rates have been attributed to effects ranging from steric
and electrostatic repulsion (Day et al., 1963; Pecht

et al., 1972) to a two-step encounter mechanism
(Haselkorn et al., 1974).

The absence of splitting of the !3C resonance by
coupling to the !*N nucleus (J14y5-13¢ = &4 Hz) for the
hapten bound to antibody requires that the dissociation
rate for the antibody-hapten complex (A-H) be fast
compared with the coupling constant, that is kogg > 4
sec”l. Similarly, the absence of splitting of the 13C
resonance for the free hapten which is in equilibrium
with bound hapten requires that the association rate
of antibody (A) and hapten (H) be faster than the
coupling constant, that is, ky,[A] > &4 sec™!. As
Ky = kon/koff = [A-H]/[A][H], whence k_ [A] =
koge([A-H]/[H]), equal concentrations of free hapten
and bound hapten (as in Figure 8) will lead to
kon[A] = kgee. Line width measurements show that
kogg v 10 sec™! (which is indeed larger than Jy4y_13¢ =
4 sec-1) which accounts for the absence of splitting

in both the free and bound hapten signals in Figure 8.
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The value of koefe for the 3!P nucleus exceeds that
of the 13C nucleus by a factor of almost four. While
this is not a large difference and is subject to some
uncertainty, it may reflect real differences in the
microscopic dissociation rates of different regions of
the hapten, suggesting that the phosphoryl end may
move between its binding pocket and a solution-like
environment faster than does the quaternary ammonium
end of the hapten. This view is consistent with the
known X-ray structure of McPC 603 (Segal et al., 1974)
in which the trimethylammonium end of the bound
phosphorylcholine lies deep within, and in intimate
contact with, the binding cleft while the phosphate end
lies nearer to the entrance of the cleft. This could
well allow dissociation of the hapten phosphoryl group
to a solution-like enviromment without appreciable
disruption of binding site interactions to the trimethyl-
ammonium region. On the other hand, dissociation of
the trimethylammonium region prior to phosphate group
dissociation is rendered impossible by the topology of
the binding site. The dissociation rate constant of the
13C signal of the methyl group would therefore reflect
the macroscopic dissociation rate constant of the entire

hapten.
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A similar situation has been observed recently
for the binding of oxytocin to bovine neurophysins
I and IT (Blumenstein and Hruby, 1977). These authors
specifically enriched this peptide hormone with !3C
at two positions, one in the N-terminal region and one
near the C-terminus. The !3C NMR spectrum showed the
N-terminal signal to be in slow exchange with kggf <
15 sec~! and the C-terminal signal to be in fast ex-
change with kg eg > 1000 sec~!. The off rate of the
N-terminal region of oxytocin, being lower, was inter-
preted as being equivalant to the macroscopic dis-
sociation rate of the entire hormone from the protein
whereas the fast off rate at the C-terminus apparently
is due to the additional contribution of other
microscopic exchange processes.

Equations 3-5 allow one to estimate not only the
rates for hapten-antibody association and dissociation
but also T, for the bound and free hapten. At equal
concentrations of free and bound hapten, the line widths
of the free and bound 13C signals are nearly equal,
leading to the conclusion that Ty for this nucleus is
essentially the same in the bound and free form. This

most probably occurs because the major dipolar relaxation
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process depends on the free rotation of the methyl group
about the N-C bond; this rotation is apparently not
restricted when hapten is bound to antibody. 1In spite
of the close Van der Waal's contact between the hapten
methyl groups and antibody side chains, the rotating
methyl groups do not occupy a larger volume than is seen
in the static X-ray model. On steric grounds therefore,
an energy barrier to methyl group rotation is not likely.
It is interesting to compare these results to the proton
NMR studies of the binding of tetramethylammonium to
rabbit antibodies carried out by Burgen et al. (1967).
These authors observed a direct relationship between
the free energy of complex formation and the energy
barrier to methyl group rotation (manifested in an
increased nuclear relaxation rate). 1In contrast to
this example, the binding interaction between phosphoryl-
choline and McPC 603 does not depend on the rotational
immobilization of the hapten methyl groups.

The greatly broadened 3!P signal of the bound
hapten (Figure 7) implies different values of T, for
the free (0.1 sec) and antibody-bound (~0.01-0.02 sec)
phosphate group. The shorter value of T, for the bound
hapten indicates that the phosphate region of the hapten

is significantly less mobile when bound to antibody than
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when free in solution. Such immobilization can be
visualized as arising from the directional properties
of the two hydrogen bonds from Glu 35H and Glu 59H to

the phosphate group.

Conclusions

The concurrent use of !3C and 3!P magnetic
resonance allows one to probe the environments of the
two ends of the phosphorylcholine molecule as it binds
to a homogeneous, specific antibody. The evidence
supports a picture of the hapten in the McPC 603
binding pocket in which the trimethylammonium region
is stabilized by ionic interactions with anionic side
chains which neutralize to some degree the positive
charge of the ammonium nitrogen. Although the choline
end is in tight Van der Waal's contact with the binding
pocket, the methyl groups are free to rotate about the
C-N bond. The phosphate oxygens of the hapten are
partially protonated due to hydrogen bonds formed with
amino acid side chains within the binding pocket and
the phosphate groups is significantly immobilized. This
view of the bound complex is entirely consistent with

the known X-ray structure.
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Studies of the dynamics of exchange indicate
that the phosphate end of the bound hapten may exchange
with a solution-like environment more rapidly than does

the trimethylammonium region.
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Chapter 3
A COMPARATIVE STUDY OF
PHOSPHORYLCHOLINE-BINDING MOUSE ANTIBODIES
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INTRODUCTION

A number of myeloma proteins produced by plasma-
cytomas of BALB/c mice have been found to combine spe-
cifically with phosphorylcholine (PC)! (Potter and
Lieberman, 1970; Leon and Young, 1970; Potter, 1972)
and sequence analysis of the heavy chains of several
of these proteins (Hood et al., 1975, 1976) has re-
vealed a degree of homology greater than 85%. In fact,
this high degree of heavy chain homology appears also
to extend to a human IgM Waldenstrom with binding
activity toward PC (Riesen et al., 1975, 1976).

Though still incomplete, the sequence data of the light
chains indicate that they belong to at least three
different « subclasses and therefore bear little homo-
logy to each other (Barstad et al., 1974; Claflin et al.
1975; Barstad, 1975). Though these antibodies have
similar affinities for PC, they exhibit differing
affinities for its structural analogues (Leon and Young,

1971). Because of the extensive homology among the

IAbbreviation used is: PC, phosphorylcholine.
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heavy chains of these proteins and the correlation
between the subspecificity of an individual immunoglo-
bulin and the subgroup of its light chain, it has been
suggested that the heavy chain may well be the prin-
cipal determinant of the specificity for PC while the
light chain "fine tunes" the subspecificity (Barstad,
1975).

All antibodies studied to date show a high degree
of conservation of their tertiary and quaternary struc-
tures. Thus, one can construct plausible 3-dimensional
binding sites using sequence data together with
structural information obtained by X-ray diffraction
studies of other, related immunoglobulines (Padlan et al
1976a). The 3-dimensional structure of the Fab'
fragment of McPC 603, a typical mouse myeloma protein
that binds PC, as been determined to 3.1 & resolution
(Segal et al., 1974). This information, together with
the existence of a well-characterized group of similar
immunoglobulins, has afforded the opportunity to study
the molecular details of structure-function relation-
ships and, in particular, to assess the importance of
individual amino acid residues to the interaction

between antibodies and antigens (Padlan et al., 1976b).
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Such studies should help to reveal the molecular source
of the exquisite discriminatory powers exhibited by the
immune response.

The use of 31P and 13C magnetic resonance tech-
niques to study the binding of PC to McPC 603 was
previously described (Goetze and Richards, 1977) and
this type of study is now extended to four other myeloma
immunoglobulins that also bind PC. In this study the
emphasis is on correlating differences in interaction
between antibody and hapten with changes of amino
acids in the subregions of the binding sites of these

antibodies.
MATERIALS AND METHODS

Materials

Plasmacytomas TEPC 15 (abbreviated T15), McPC 603
(M603) and W3207 were obtained from the Salk Institute,
La Jolla, California; MOPC 167 (M167) and MOPC 511
(MSil) through the courtesy of Dr. Lee Hood.
[methyl-1%*C]Choline chloride was purchased from New
England Nuclear and L-oa-glycerophosphorylcholine (95%)

from Sigma. The latter was used without further purifi-
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cation. Phosphonocholine, obtained as the betaine salt,

was a gift from Dr. Lee Hood.

Hapten Binding Assays

The binding affinities of the various immunoglobulins
for PC and choline were measured directly by equilibrium
dialysis as described previously (Goetze and Richards,
1977) -

Binding affinities for the haptens L-a-glycero-
phosphorylcholine and phosphonocholine were determined
indirectly by inhibition of phosphoryl[methyl-1%C]-
choline binding as follows. 2 ml of a 1-3 mg/ml
protein solution were placed on one side of a series of
equilibrium dialysis chambers. The opposing chambers
contained stoichiometric concentrations of labelled PC
as well as increasing concentrations of the unlabelled
ligand under study. A control chamber contained a
stoichiometric concentration of labelled PC plus an
equal concentration of unlabelled PC. After equilibra-
tion and counting, an inhibition curve of protein-bound
cpm vs. ligand concentration was drawn and the concen-
tration of ligand which resulted in the same protein-
bound cpm as the control was determined. The relative

affinity of antibody for the ligand was taken as the
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ratio of unlabelled PC concentration in the control
to the ligand concentration previously determined. An
absolute affinity for the ligand was then computed

using the known PC affinity.

Amino Acid Numbering

The numbering system of heavy chain amino acids

is that of Rudikoff and Potter (1974) for M603.

General
All other experimental procedures were performed
in analogy to those described previously for M603

(Goetze and Richards, 1977).

RESULTS

Scatchard plots of binding of PC to all five
proteins were linear and extrapolated to close to the
expected two binding sites per IgA monomer. A typical
inhibition curve, used to obtain the affinity of
unlabelled ligands relative to that of PC, is shown
in Figure 9.

The data obtained by equilibrium dialysis on the

thermodynamics of binding of four haptens to the five
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Figure 9

Inhibition curve of the binding of TMAPP
to Tl5. The experiment was carried out in borate-
buffered saline (pH 8) at 4°C. The dotted line
represents the control sample (see text) and shows

that in this case Ka(PC)/Ka(TMAPP) = 40.
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myeloma proteins, together with pertinent background
information, are summarized in Table I. Our binding
constants (K,s) for PC agree reasonably well with
various published results (Potter, 1972; Metzger et
al., 1971; Chesebro and Metzger, 1972; Pollet and
Edelhoch, 1973). The binding constant of W3207 for
PC is larger than that of any other myeloma protein
studied to date. As previously suggested (Potter and
Lieberman, 1970), M511 shows a relatively high
affinity for choline.

Table II summarizes 31P and !3C nuclear magnetic
resonance (NMR) results of interactions between the
various proteins and phosphoryl[methyl-13C]choline.
Binding of hapten to antibody generally causes a
1.2-1.3 ppm upfield shift of the !3C methyl resonance
relative to its position when free in solution; M603
provides the exception with a smaller upfield shift of
0.7 ppm. The 3!P resonance moves 1.5 ppm upfield on
binding for all the proteins except M167, for which the
chemical shift for the bound form is the same as for
the hapten free in solution.

Because the value of the dissociation rate constant

of the antibody-hapten complex, k, ¢f, is similar to the
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change in chemical shift occasioned by binding of hapten
to antibody, exchange-broadened resonances were observed
in all cases but with differences characteristic of

each protein. For example, binding of excess PC to
W3207, M603 and M167 results in separate peaks corres-
ponding to free and bound hapten for both the !3C and
31p signals whereas binding to M511 results in a single
resonance corresponding to the weighted average of the
two environments. Binding of PC to Tl5 gives two
separate3!P signals but only a single greatly broadened
13C resonance. Table II also collects the values of
koff, estimated from the observed change in chemical
shift on binding and the extent of exchange broadening
(see Chapter 2), as well as the calculated values of the
rate constants for association (kon = Ka'koff)' Except
for M603, the rate constants from the !3C and 3P obser-
vations are in good agreement in that they differ by

less than a factor of two.
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DISCUSSION

Subsite Interactions Among Phosphorylcholine-Binding

Myeloma Proteins

Particular regions of a ligand-binding site on a
protein, responsible for a specific type of interaction
(e.g. electrostatic, hydrogen bonding or hydrophobic)
with a portion of the bound ligand have been termed
interaction subsites; this concept was formulated by
Haselkorn et al. (1974) as a result of kinetic experi-
ments on a myelomaprotein that binds dinitrophenyl
derivatives. 1In this model, the total binding energy
represents a direct summation of the contributions from
each individual subsite-ligand interaction. This
concept serves as a convenient basis for our discussion
of the binding of PC and its analogues to myeloma
proteins with specificity for PC.

For binding of PC one might expect three types of
subsites to contribute substantially to hapten binding;
a mnegatively charged subsite for interaction with
the quaternary nitrogen; a positive, possibly hydrogen-
bond-donating subsite for interaction with the dianionic

phosphate; and a hydrophobic subsite for interaction with
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the two central methylene groups of PC. Specific
interactions, completely consistent with these expec-
tations, have been observed in the 3-dimensional struc-
ture of the binding site of M603 which was determined

by X-ray diffraction (Segal et al., 1974).

For consideration of the phosphate-binding subsite,

proteins T15, W3207 and M603 are useful. These all

cause identical hapten 3!P shifts and show similar koff
rates calculated from their 3!P spectra, suggesting simi-
lar subsite interactions with the phosphate group. Their
affinities for choline are lower by a factor of 600-

900 than that for PC, as would be anticipated if inter-
actions with the dianionic phosphate group are impor-
tant for binding. Also, their affinities for L-oa-
glycerophosphorylcholine are lower by a factor of 4-10
compared to PC suggesting steric interference and/or

loss of electrostatic binding interaction when the larger,
monoanionic L-a-glycerophosphate group binds in the
phosphate pocket. These results indicate that, for

these three proteins, the phosphate subsites are prob-
ably very similar; their different absolute affinities
for each of PC, choline and L-a-glycerophosphorylcholine

arise from differing interactions with the trimethyl-
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{
ammonium region of these ligands. The 13C NMR results

support this view and imply that M603 interacts dif-
ferently than do Tl5 and W3207 with the methyl groups
of the hapten. 1In addition, different k, gr rates were
calculated from the !3C spectra of labeled hapten
interacting with these three proteins. Although M603
binds PC less strongly than do T15 and W3207, M603
nevertheless has a lower value of koff’ which requires
that it have a substantially lower association rate
constant than Tl5 and W3207.

Comparative affinities do not, however, always
correlate well with the apparent subsite interactions.
For example, on the basis of these studies at pH 8,
M167 is unique among the proteins in causing no shift
of the 31P hapten resonance on binding, suggesting a
different subsite for binding the phosphate group.

It will be shown in Chapter 4 that the phosphate sub-

site of M511 nevertheless bears a strong homology

to that of M167; a similarity not apparent from their dis-
similar 31P shifts at pH 8. The choline subsites of

M167 and M511 however appear to be very similar to the
corresponding subsites of T1l5 and W3207. Therefore, it

is surprising that the dissociation rate constant of

the M511-PC complex is an order of magnitude higher
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than that of the other proteins which is reflected

in a decreased binding constant. This unexpectedly
low affinity cannot, by these criteria, be traced to
noticeably different interactions between antibody and
trimethylammonium or phosphate groups, but appears

due to a generally poorer complementarity between
hapten and binding site.

Table III summarizes the postulated subsite
interactions deducible from a consideration of both the
NMR and the binding data. To a first approximation, the
affinities of these proteins for PC agree with the
total strength of the binding interaction predicted
from this simple model. It appears possible, therefore,
that the affinities for PC and related haptens .can be
modulated by structural changes in relatively indepen-
dent subregions of the binding pockets of these anti-
bodies, which are known to exhibit diverse specifi-
cities for a variety of bacterial antigens (Potter and
Leon, 1968; Potter, 1972), a diversity which likely
arises from these differences in subsites.

Comparison of the dynamic aspects of hapten
binding by these five proteins shows that differences

in affinity result not only from differing dissociation
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constants reflecting, probably, differences in comple-
mentarity between antibody and hapten, but also from
differing association rate constants. The calculated
association rate constants are typical of those pre-
viously observed for other antibody-hapten systems
(Sehon, 1963; Kelly et al., 1971; Pecht, 1974; Hasel-
korn et al., 1974). In particular, the k,, value of
4.6 x 107 M-! sec-! calculated by Pecht (1974) for
HOPC 8 agrees with our estimate of 2 to 4 x 107 M-!
sec™! for T1l5, a protein idiotypically identical to
HOPC 8. However, the association constants for M603,
M167 and M511 are lower by an order of magnitude than
those of T1l5 and W3207. This could be explained if;
(a) T15 and W3207, for simple topological reasons,
allow more ready access of hapten into the binding cleft
than do the other proteins, or (b) binding of hapten
to M603, M167 and M511 is accompanied by a protein
rearrangement which has a slower time constant than
the diffusion-controlled encounter of antibody and
hapten. Because little evidence for anything but a
simple diffusion controlled antibody-hapten association
step is commonly observed in other systems (Froese and

Sehon, 1975; Pecht and Lancet, 1976), the former
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explanation is considered more likely in this case.
This would suggest that there is a significant struc-
tural difference between the binding sites of T15

and W3207 on the one hand and those of M603, M167

and M511 on the other. No molecular explanation for

such a difference can be given at this time.

Relationship Between Differences in Binding Site

Interactions and 3-Dimensional Structure

The similarity of both the 13C and 3!P hapten
chemical shifts upon binding (at pH 8) to most of these
proteins argues for a high degree of similarity in the
important electrostatic interactions between hapten
and binding site. By this criterion of comparative
chemical shifts, however, M167 shows an unusual phos-
phate-binding subsite and M603 a unique choline subsite;
the possible molecular origins for these anomalies will
now be investigated.

The heavy chain appears to play the dominant role
in the intaraction between these antibodies and hapten
(Barstad et al., 1974). This is supported by the high
degree of conservation of heavy chain sequence among the

PC-binding immunoglobulins and also by the presence of
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three widely differing light chain sequences among the
five proteins. Such a view is confirmed by the 3-dimen-
sional structure of the M603-PC complex, in which the
phosphate binding subsite is found to be formed exclu-
sively by heavy chain residues. The following amino
acids are in direct contact with PC: Tyr 33H, Glu 35H,
Arg 52H, Glu 59H, Trp 104aH and an unidentified residue
at position 96 of the light chain (Segal et al., 1974;
Padlan et al., 1976b). The first five of these residues,
as well as the ionically important Lys 54H, are, with

a single exception, conserved among all the PC-

binding mouse myeloma antibodies.

We have previously interpreted the 31P chemical
shift on binding of PC (+1.5 ppm) as being caused largely
by hydrogen bonding between specific amino acid residues
and the phosphate group (Goetze and Richards, 1977).
Binding of PC to M167 at pH 8 results in no such shift.
Why? A trivial answer would be to suggest that the
lack of 3!P shift on binding is due to the absence of a
specific interaction between M167 and the phosphate.
This explanation, however, is not acceptable for the
following reasons: (i) M167 binds PC with a higher
affinity than choline; (ii) the linewidth of the bound
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31p signal (Av% = 24 Hz) is broadened to an extent
similar to that observed upon binding of PC to the
other immunoglobulins suggesting restricted mobility
of the phosphate group; (iii) a study of the pH-
dependence of the 31P chemical shift on binding
(Chapter 4) clearly shows the absence of any shift
at pH 8 to be coincidental.

Examination of the M603 X-ray structure reveals
that heavy chain hypervariable region 2 (residues
50-65) forms a crucial portion of the phosphate
binding subsite. Relative to Tl5, M167 has 3 amino acid
substitutions in this second hypervariable region
(Asn 54»Ser, Asn 56-+His, and Thr 58a-+Arg). Any one of
these, especially the positively charged Arg 58a, may,
either directly or indirectly, alter the local magnetic
environment so as to perturb the 3!P chemical shift. 1In
addition, M167 (and M511) has an extra residue, Asp 100aH,
located in the vicinity of the phosphate (Padlan et al.,
1976b) whichmay also influence the 3!P shift. A more
detailed study of this problem is presented in Chapter 4.

The anomalous !3C shift observed on binding of
PC to M603 is difficult to rationalize because the light
chain contributes to formation of the choline subsite

and sequence data for the light chains are still incom-
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plete. However, the other 4 proteins have, relative
to M603, an extra residue in the third hypervariable
region of the heavy chain (residue 103aH) (Padlan

et al., 1976b). This hypervariable loop is in exten-
‘'sive contact with the choline portion of the bound
hapten. It has been suggested that amino acid inser-
tions or deletions in the hypervariable loops are
generally capable of introducing larger structural chan-
ges (and hence, specificity changes) than amino acid
substitutions (Padlan et al., 1976a; Padlan, 1977;
Kabat et al., 1977) and this deletion in a crucial
region of the M603 binding site might explain the
unique !3C shift.

It is informative to compare the nature of the
amino acid residues contributing to formation of each of
the two main subsites. The X-ray structural data of
M603 reveals (Segal et al., 1974; Padlan et al., 1976b)
that, to a first approximation, the choline binding
subsite is lined with residues mainly from the third
hypervariable region of the heavy chain (H3) and to a
much lesser extent the first (L1) and third (L3)
hypervariable regions of the light chain. The H3 loop
of M603 has 7 out of 12 residues with significant

hydrophobic character (3 Tyr, 2 Trp, 1 Phe, 1 Val for
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a total hydrophobic percentage of 58%) (Rudikoff and
Potter, 1974, 1976). Therefore the choline subsite

is extensively hydrophobic and this may be a contri-
buting factor to the !3C chemical shift of hapten on
binding. Since the other four immunoglobulins have
an additional residue with hydrophobic character

(Tyr) in H3, the smaller !3C shift for M603 may result
from such a difference. The independence of the M603
13C shift to pH in the region 3-8 also argues against
the origin of this shift being due to the ionic influ-
ence of Glu 35H and Glu 59H.

The H1 loop, whose sequence is constant among
all PC-binding immunoglobulins, mainly forms one
""'side'" of the cavity, i.e. contributes residues in
close contact with the methylene groups of bound hapten.
The phosphate subsite is lined almost exclusively by
H2 residues. A sequence analysis of H2 shows a pre-
ponderance of hydrophilic residues with only 2 out of
16 residues (12.5%) being hydrophobic. The phosphate
subsite therefore, as might be expected from its rela-
tively high degree of exposure of solvent and the
charged nature of the group it binds, is constructed

almost exclusively of polar side chains.
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One would like to assess the yelative contribu-
tions of hydrophobic and coulombic forces in determin-
ing the binding energy for the trimethylammonium por-
tion of PC. An ideal way to answer this question
would be to quantitate the binding of the PC analogue
3,3-dimethyl-1l-butanol phosphate to these antibodies
but preliminary attempts to synthesize this compound
have not been successful. The inability of phosphoryl-
ethanolamine to compete for binding (Leon and Young,
1971) is not proof for a positive charge requirement on
the hapten since the lack of the bulky methyl groups
might also account for the loss of binding ability.
Karush (1962) has argued that ionic interactions cannot
dominate the energetics of an antibody-hapten complex
since in most cases large variations in ionic strength
have little effect on the binding affinity. In fact,
exactly this argument was used to propose that electro-
static interactions contribute little to the binding
energy between Tl5 and PC (Pollet and Edelhoch, 1973).
Since thermodynamic considerations predict that hydro-
phobic bonding will generally contribute most to the
free energy of binding (Karush, 1962), the complemen-

tary electrostatic interactions on binding, though
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important for conferring specificity, may not be

dominant contributors to the binding energy.

comparison of Phosphorylcholine-Binding Sites

We may now summarize our understanding of the
individual binding sites of these proteins. W3207,
which has the highest affinity for PC, forms strong
interactions with both ends of the hapten. T15 has
differences from W3207 in the third hypervariable re-
gion of its heavy chain which, by analogy to the X-ray
structure of M603, would be expected to influence
mainly the subsite for choline. Accordingly, T15
exhibits slightly weaker interactions in this subsite,
but retains the strong phosphate subsite interactions
of W3207; the net result is a 2-fold decrease in the
affinity of T15 for PC. M603 retains the W3207-type
light chain but has significant differences through-
out the heavy chain, causing a substantial alteration
in the choline subsite; the overall affinity of M603
for PC is reduced by a factor of 4-6 relative to that
of W3207. M167 has a heavy chain with a wider diversity
from the W3207 prototype than that of any of the other

proteins. M167 also has a light chain of a different
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subgroup. These changes give rise to a greatly

altered phosphate subsite, where decreased specificity is
attested by the high relative affinity for choline and
L-a-glycerophosphorylcholine. M511 has a light chain

of the M167 type and only a moderate number of amino

acid differences in its heavy chain relative to W3207;

we have no explanation for the greatly decreased affinity

of M511 for PC.

Conclusions

The generally similar hapten-binding site inter-
actions observed for this group of five idiotypically
distinct mouse myeloma proteins demonstrate a general
conservation of at least the important electrostatic
interactions in the binding sites of this family of
immunoglobulins. This conservation is, however, not
absolute, and deviations are observed in subregions of
the binding pockets of M167 and M603. The dynamics
of the hapten-antibody interactions, as monitored
by the exchange rates of the 13C and 3!P nuclei of the
PC hapten, correlate with the binding affinities of these
proteins for various haptens. The concept of subsite
interactions has proved especially fruitful in under-

standing these effects.
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CHAPTER 4
THE MOLECULAR BASIS
FOR SUBSPECIFICITY DIFFERENCES AMONG
PHOSPHORYLCHOLINE-BINDING MOUSE ANTIBODIES
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INTRODUCTION

A group of mouse myeloma immunoglobulins which
specifically bind phosphorylcholine (PC)! (Potter,
1972; Rudikoff et al., 1972; Potter and Lieberman,
1970) serves as a convenient system for studying
structure-function relationships between similar,
homogeneous antibodies. In this group, the primary
structures of the heavy chains and of portions of
the light chains from six different proteins are
now known (Hood et al., 1975, 1976). The three-
dimensional structure of the Fab' fragment of one
one these proteins, M603, as well as its complex
with PC (Segal et al., 1974), has allowed direct
visualization of the interactions between hapten
and specific residues in the antigen combining site
of the immunoglobulin which define the antibody
specificity.

The high degree of sequence homology among

the heavy chain residues of immunoglobulins specific

lAbbreviations used are: PC, phosphorylcholine;
GPC, L-a-glycerophosphorylcholine; NPPC, p-nitro-
phenylphosphorylcholine; TMAPP, 3-trimethylamino-
l-propanolphosphate; NMR, nuclear magnetic
resonance.
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for phosphorylcholine in both mouse and man (Padlan
et al., 1976; Riesen et al., 1976) and the observation
that most of the residues which interact with hapten
in M603 are located in the heavy chain have allowed
some rationalization of the molecular origins of

the varying binding properties of these proteins
(Padlan et al., 1976; Goetze and Richards, 1977a).
These facts also suggest that a single general
structure may define PC specificity in several
immunoglobulins and this work is an attempt to under-
stand how, or if, this structure can serve as an
example of the ability of the immune response to
create a binding site optimally complimentary to a
class of antigenic determinants. We have, therefore,
examined the detailed molecular interactions respons-
ible for the high affinity of these proteins for PC
and related ligands and how these affinities are
modulated by changes in a small number of crucial
amino acids within this group of immunoglobulins. Such
information may yield insight into the question of how
immunoglobulins with subtly differing binding spe-
cificities can be created with a minimum number of

changes in amino acids and thereby, help us to under-
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stand the origins of the broad diversity and exquisite
specificity of the immune response.

In this work we have used °'P NMR to probe the
molecular details of the environment of the phosphate
group of several haptens when bound to five idiotypically
distinct PC-binding myeloma proteins (M603, W3207,
T15, M167 and M511). Several factors proved fortu-
itous for these experiments: (i) the phosphate
binding sites in these proteins appear (by analogy to
M603) to be formed exclusively by residues from the
heavy chains whose complete sequences are known;

(ii) the various known subspecificities of these
proteins for ligands differing structurally at the
phosphoryl end (Leon and Young, 1971) most likely
result from differences in the phosphate binding sub-
sites; (iii) 3!P NMR is an especially useful technique
for not only can one use 3!P chemical shift infor-
mation to probe the microenvironment of the phos-
phorous but one can also study such chemical shift
behaviour as a function of pH and thereby learn about
the electrostatic nature of groups in the phosphorous
microenvironment by the way they perturb the pK of
the phosphate group of bound haptens.

Recent studies have shown that a large portion
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of the binding energy for the interaction between
haptens and PC-specific antibodies arises from ionic
attractions between groups of opposite charge
(Grossberg et al., 1974; Krausz et al., 1976).
However, little information is available on the pH
dependence of the binding affinities to allow one

to assess the relative importance of the various
charged residues of the protein to the total binding
interaction. Though some data on Tl5 are available,
notably the observation that the PC affinity of

T15 drops sharply below pH 5 (Pollet and Edelhoch,
1973), one has not been able to ascribe this effect
unambiguously to protonation of the phosphate group
of the hapten or to protonation of carboxylate groups
on the protein which are known to interact strongly
with bound hapten (Grossberg et al., 1974). In order
to resolve such ambiguities we have studied the pH
dependence of the binding affinities of these proteins

both for PC and for L-a-glycerophosphorylcholine (GPC).
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MATERIALS AND METHODS

Haptens
Phosphorylcholine (PC) and L-oa-glycerophosphoryl-

choline (GPC) were purchased from Sigma and phosphoryl-
[methyl-1*C]choline from New England Nuclear.
p-Nitrophenylphosphorylcholine (NPPC) was synthesized
as previously described (Chesebro and Metzger, 1972).
3-Trimethylamino-1l-propanolphosphate (TMAPP) was
synthesized in complete analogy to PC (Chesebro and
Metzger, 1972; Baer, 1952) except that 3-dimethylamino-
l-propanol (Aldrich) was substituted for dimethyl-

aminoethanol.

Protein Purification

Ascites fluid was mildly reduced, alkylated
and filtered through a Sepharose-PC column (Chesebro
and Metzger, 1972). PC-specific protein was immuno-
specifically eluted by washing the column with 1 mM

PC in borate-buffered saline, pH 8.
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Hapten Binding Affinities

Affinities for PC at varying pH were determined
by equilibrium dialysis as previously described
(Goetze and Richards, 1977b). Experiments were
carried out in borate-cacodylate buffered saline
(0.02 M borate, 0.02 M cacodylate, 0.13 M NaCl,

1 mM EDTA, 0.02% NaN3) and care was taken to pre-

equilibrate all samples and stock solutions to the
desired pH. All binding affinities were measured

at 5° + 1°.

Affinities for all other haptens were determined
indirectly by inhibition of labelled PC binding
(Karush, 1956; Michaelides and Eisen, 1974).

NMR Experiments

A Varian XL-100-15 spectrometer interfaced with
a Varian 620i computer was used. Spectra were
obtained at 40.5 MHz at a probe temperature of
25° + 1°9C and were proton-noise decoupled. A capil-
lary insert containing D,0 provided the field-frequency
lock. A 90° pulse with an acquisition time of 0.4 sec
and a sweep width of 1000 Hz were used to accumulate

the data,



124

NMR Titrations

NMR samples consisted of immunospecifically-
purified Fab' fragments (Inbar et al., 1971) which
had been extensively dialyzed to remove bound hapten.
Protein solutions were concentrated to 3-5 mM by
ultrafiltration in an Amicon apparatus and the
desired hapten concentration was achieved by the
addition of a small volume of a concentrated stock
solution.

Titration experiments were started at the
high pH extreme by having previously dialyzed the
protein sample against borate-cacodylate buffered
saline of the appropriate pH. Samples were titrated
towards low pH by the addition of 5 N HCl. With
care, it was possible to avoid protein precipitation
above pH 3. The pH of each sample was measured

immediately after each NMR spectrum was obtained.

Amino Acid Numbering

The numbering system of heavy chain amino

acids is that for M603 (Rudikoff and Potter, 1974).
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RESULTS

EgﬁDependence of Binding Constants for PC and GPC

The binding affinities of M603, W3207, T15
and M167 for the haptens PC and GPC at 5°C are shown
in Figures 10 to 13. Affinities were measured over
the pH range 4-9 and in several cases were extended
somewhat beyond these limits.

The curves for M603 and W3207 are qualitatively
similar. Affinities for both PC and GPC reach a
maximum at pH 7.0-7.5 with those for W3207 being
v 7-fold higher on an absolute basis. Raising or
lowering the pH from neutrality causes the affini-
ties to decrease appreciably but the amount of this
decrease as the pH is lowered is significantly
different for M603 and W3207. For example, the
affinity for PC of M603 drops 47-fold from pH 7.3 to pH
4 whereas that of W3207 drops 12-fold. Both proteins
bind PC with a higher affinity than GPC over the
entire pH range studied although these affinities
converge near pH 3.

The binding data for Tl5 exhibit a substantial
amount of scatter at pH 7-10 for unknown reasons.

The binding curves are similar to those of M603 and
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Figure 10

The pH dependence of the binding constants
of M603 for PC (@) and GPC (A ). The experiments
were performed by equilibrium dialysis at 5°C in
borate-cacodylate buffer except for those at pH 8
which were obtained in borate-buffered saline. Each
data point represents the result of a Scatchard plot
of 10 points (PC) or of an inhibition curve (see
text) of a similar number of points (GPC). The
binding constants were estimated to be accurate to
+ 10% for PC and * 157 for GPC

The PC affinity of M603 at pH 8 is 5.4 x 10°
M-1 or 347 lower than the value reported previously
(Goetze and Richards, 1977a). The previous value
had been obtained using protein from the M603 tumor
line obtained from a different source than that used

in the current experiments.
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Figure 11
The pH dependence of the binding constants
of W3207 for PC (@) and GPC (4 ). For further

details, see Figure 10.



129




130

Figure 12
The pH dependence of the binding constants
of T15 for PC (@) and GPC (A). For further

details, see Figure 10.
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Figure 13
The pH dependence of the binding constants
of M167 for PC (e ) and GPC (A). For further

details, see Figure 10.
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w3207 at pH < 7 but are unique in that the affinity
for both haptens is pH-independent in the range 7-10.
The pH dependence of GPC binding to M167 is
similar to that for GPC binding to M603 and W3207.
In contrast, the pH at which the affinity of M167
for PC is maximum is lowered to ~ 5.5 and one observes
two distinct ionizations as the pH is raised above 5.5.
Because of this, the affinity of M167 is actually
greater for GPC than for PC in the region pH > 7.
Table IV lists the affinities at pH 8 of these
four proteins as well as M511 for the haptens GPC,
NPPC and TMAPP relative to their affinities for PC.
Again, one notes the similarity between M603 and
W3207; all three haptens bind to either protein with

a similar affinity.

NMR Titrations

At neutral pH, the 31P signal of PC (Goetze
and Richards, 1977a, 1977b) and also that of the other

haptens, obeys the condition of slow exchange on the

21TAAB

NMR time scale, k <

off (Pople et al., 1959)

(where k is the dissociation rate constant and A
off AB

is the chemical shift difference between free and
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bound hapten) so that one observes separate peaks
for the hapten free in solution and bound to antibody.
However, binding affinities and hence the
dissociation rate constants, vary with pH as do the
differences in chemical shift of the various haptens
(AAB) when free in solution as compared to bound to
the antibody. Accordingly, the NMR spectra vary from
the slow exchange limit as a function of pH. 1In
order to minimize interference from free hapten signal
under conditions of slow exchange, especially in
regions where the positions of the signal for bound
and free hapten were very close, and also to maximize
the contribution to the observed chemical shift from the
bound hapten under condtions of fast exchange, the NMR
experiments were generally carried out under conditions
where antibody was in excess; in this way almost all
hapten present was bound to antibody. The line width
of the observed peak for bound hapten (Av}2 = 20-30 Hz)
generally remained constant as the pH was lowered to
PH ~ 4 indicating that conditions of fast exchange
had not yet been reached. (This statement is not true
for M511, which will be discussed separately later.)

With M603, which has a lower affinity for hapten
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(and therefore a higher koff)’ experiments involving
hapten binding approach the fast exchange limit at
slightly higher pH wvalues.

These observations were confirmed by carrying
out some titration experiments under conditions of
excess hapten. When exchange was slow, separate
signals were observed for free and bound hapten;
the position of the signal for bound hapten was
identical to that previously observed when antibody
was in excess.

The binding affinities for haptens generally
decrease as the pH is raised above neutrality; this
decrease is, however, sufficiently small so that all
spectra continued to reflect slow exchange in this
region.

Below pH ~ 4, the observed signal often narrowed
appreciably indicating fast exchange. The NMR
titrations were carried out at 25°C and the binding
affinities are not known accurately at this temperature.
As a result, precise determination of the chemical
shift for the bound hapten was not possible. However,
by assuming that the affinities at 25°C are about 25%

of those at 5°C (Goetze and Richards, 1977a) one could
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establish an approximate position for the chemical
shift of bound hapten although these data (below pH 4)
are considerably less accurate than those obtained
under conditions of slow exchange.

NMR studies of M511 with the haptens PC and
TMAPP present a unique situation. A careful analysis
showed that these haptens are in fast exchange, with
reasonably narrow linewidths, both at high pH (pH > 8)
and at low pH (pH < 5). 1In the intermediate pH range
however, a greatly broadened resonance is observed.
This is due to exchange broadening as the increased
chemical shift difference between free and bound hapten
as well as the higher binding affinity (by analogy to
M167) in this pH range lead to a slower exchange rate.
The effect of this broadening on the NMR spectra is
illustrated in Figure 14 and can be compared with
the relatively constant linewidth of the 3!P resonance
in cases where exchange broadening does not play such
a variable role (Figure 15 and 16).

Figure 17 illustrates the titration behaviour
of the 3!P resonance of PC both free and bound to
M603 and W3207. Upon addition of a single proton to

the free, dianionic hapten, the 3!P signal moves upfield
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Figure 14

31p NMR spectra of 3.70 mM TMAPP plus
4.49 mM M511 Fab' at different pH values:
(A) pH 8.86 (B) pH 7.73 (C) pH 7.13 (D) pH 5.99
(E) pH 5.21. Data were collected with an
acquisition time of 0.4 sec at a probe tempe-
rature of 25 + 1°C. The sharp resonance is due
to a small amount of P, which increased with
time (the spectra were taken in the order

A, B, D; E, C).
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Figure 15

31P NMR spectra of 3.15 mM PC plus 4.12 mM
T15 Fab' at different pH values: (A) pH 5.82
(B) pH 5.19 (C) pH 4.70 (D) pH 3.50.
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Figure 16

31p NMR spectra of 3.10 mM TMAPP plus
3.68 mM T1l5 Fab' at different pH values: (A) pH 8.69
(B) pH 6.36 (C) pH 5.60 (D) pH 4.35. The large
signal represents protein-bound TMAPP whereas the
small, broader signal is due to residual protein-

bound PC.
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Figure 17

31p NMR titration curves of PC bound to
M603 (® ), W3207 (<©), Ml67 (A ) and free in
solution (0 ). Upfield shifts correspond to an
increase in offset (ppm). Spectra of bound
hapten were obtained under conditions of protein
excess. Offsets of the free hapten were measured
in separate experiments using protein-free samples.
All NMR titrations were performed in borate-
cacodylate buffered saline at 25°C. Errors were
estimated from the quality of the spectra and

represent the maximum uncertainty in peak position.
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3.9 ppm and titrates with a pK, of 5.3 + 0.1. Titra-
tion of the hapten bound either to M603 or W3207 occurs
with a decreased pK of 4.7 + 0.2. Within experimental
error, PC bound either to M603 or W3207 experiences
the same chemical shift over the range pH 4-9,
although a small difference may exist at the lower pH
limit. The total shift caused by protonation of PC
bound to W3207 is ~ 3.5 ppm which is about 0.4 ppm
less than for protonation of the free hapten. At

pH > 7.5 the position of the 31!P signal of PC bound

to W3207 is shifted upfield by 1.5 ppm relative to the
signal for the free hapten; at pH < 2 the analogous
difference extrapolates to 1.0-1.3 ppm upfield.

After completion of the work described in this
thesis, Gettins et al. (1977) published a report also
describing 3!P NMR studies of PC binding to M603.
Although differing somewhat in experimental detail,
their results with respect to chemical shift and pK
changes as well as exchange rates are in essential
agreement with those described in this report.

The 31P titration curve of PC bound to T15,
which is shown in Figure 18, is identical in all
respects to those obtained for M603 and W3207

(Figure 17).
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Figure 18
31p NMR titration curves of PC bound to
T15 (v), M511 (e®) and free in solution (0).

For further details, see Figure 17.
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Figure 17 shows the titration results for PC
pound to M167. In this case, the bound PC titrates
with an increased pK of 6.0 + 0.1 and shows only
minimal changes in chemical shift on binding at the
two pH extremes. The titration curve of PC bound
to M511 is very similar (Figure 18) except that in
this case the pK of the bound hapten is increased
to 7.3 & 0.2,

Figure 19A illustrates the pH dependence of
the 31P resonance of the hapten GPC bound to all five
proteins. The signal for GPC bound to M603, W3207
and T1l5 occurs upfield of the position of the free
hapten which, itself, does not titrate in the region
pH 2-9 (pKa < 1.0 ). However, the amount of upfield
shift at neutral pH is different for each protein and
occurs in the order W3207 = 1.5 ppm > M603 = 1.2 ppm >
Tl15 = 0.9 ppm. In addition, the signal of GPC bound
to M603<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>