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Differential Segmental Flexibility and Reach Dictate the
Antigen Binding Mode of Chimeric IgD and IgM: Implications
for the Function of the B Cell Receptor

Geir A. Lgset? Kenneth H. Roux," Ping Zhu," Terje E. Michaelsen; and Inger Sandlie*

Mature, naive B cells coexpress IgD and IgM with identical binding sites. In this study, the binding properties of such IgM and
IgD are compared to determine how size and shape may influence their ability to bind Ag and thus function as receptors. To dissect
their intrinsic binding properties, recombinant IgM and IgD were produced in soluble form as monomers of the basic HL , Ab
architecture, each with two Ag binding sites. Since these sites are connected with a hinge region in IgD and structural Ig domains
in IgM, the two molecules differ significantly in this region. The results show that IgD exhibited the larger angle and longer
distance between its binding sites, as well as having the greater flexibility. Relative functional affinity was assessed on two antigenic
surfaces with high or low epitope density, respectively. At high epitope density, IgM had a higher functional affinity for the Ag
compared with IgD. The order was reversed at low epitope density due to a decrease in the functional affinity of IgM. Studies of
binding kinetics showed similar association rates for both molecules. The dissociation rate, however, was slower for IgM at high
epitope density and for IgD at low epitope density. Taken together, the results show that IgM and IgD with identical Ag binding

regions have different Ag binding properties. The Journal of Immunology, 2004, 172: 2925-2934.

specific recognition of Ag by the B cell receptor (BCR)®.
The BCR is comprised of a membrane-bound Ab unit
associated with the |g-a/B heterodimer (1-3). IgD is regarded as
the major BCR, coexpressed with IgM on the surface of peripheral
mature, naive B cells both in human and mouse (4—6). However,
the specific biological role of this BCR coexpression remains elu-
sive despite continuing experimental efforts.
In the periphery, both IgM and IgD binding to Ag can mediate
B cell activation and deletion, though putative discrepancies be-
tween thymus-independent and thymus-dependent Ags have been
observed (7-10). Furthermore, both 1gs use essentially the same
intracellular signal transduction machinery, but the signals trans-
mitted differ by partly yet unknown mechanisms (11-14).
However, when analyzed in a knockout mouse context both 1gD
and IgM areto alarge extent interchangeable, which points toward
a redundancy between IgM and IgD from fetal to adult immune
competency (15-17). In contrast, there seems to be a selective
advantage for the functional & allele in heterozygous IgD ™/~
knockout mice, pointing toward maintenance mechanisms of a
dual IgM and IgD function (15). This report also suggests that the
IgD-BCR has arolein recruitment of B cellsinto germinal centers,

T he initiation of the humoral immune response involves
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asthelgD ™/~ mice exhibited delayed Ab affinity maturation. A recent
report further underscores this importance of the IgD-BCR in germi-
nal center development in comparison to the IgM-BCR (14).

Both human and murine IgD have unusually long and Cys-free
hinge regions, which may influence the segmental flexibility of
their Ag binding sites (18, 19). This has led to the hypothesis that
IgD may be more efficient in cross-linking polyvalent Ags than
IgM. Indeed, results obtained from cellular assays may indicate
that such differences exist (20). However, when further dissecting
the putative increased epitope sensitivity observed with the I1gD-
BCR, it seems only to be a consequence of the higher IgD-BCR
expression level on the cells compared with the IgM-BCR (21).

Thus, taken together, the current body of evidence still fals
short in clarifying whether or not the IgD and IgM coexpression
reflects true genetic redundancy (22). Furthermore, the vast ma-
jority of the reports rely on a murine context. In contrast to the
other Ab classes, thereis poor conservation in the IgD molecule as
murine and human IgD have very different primary and probably
quaternary structures (19, 23). 1gD-like molecules have aso been
identified in species as evolutionary distant as teleosts, but it seems
that there has been a lack of preserving selective pressure, the
hallmark of genetic redundancy, when entering the mammalian
lineage (24-30).

In this study, we have measured the Ag binding ability of a
matched set of soluble chimeric IgM and 1gD with specificity for
the hapten 5-iodo-4-hydroxy-3-nitrophenacetyl (NIP). All factors
other than the differences in the Fab to Fc tether and the Fc itself
are thus equalized. This allowed us to analyze functiona differ-
ences with respect to Ag binding for different epitope densities.
Notably, the IgM molecules studied here are H,L, monomers and
not the pentamers normally found in the circulation. We have de-
termined both the Fab-Fab flexibility and the intrinsic and func-
tional affinity of these molecules at high and low epitope density.
We aso compared IgM and IgD with a hinge truncated IgD and
chimeric 1gG3. For the first time, we here report differences in Ag
binding between IgD and IgM harboring identical monovaent spec-
ificity. The results show that differences in segmenta flexibility and
Fab arm reach lead to an epitope density-dependent difference in the
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Ag-binding properties of 1gD and IgM. Thus, these differences may
have implications for the understanding of the apparent redundancy in
biological function of the BCR on mature, naive B cellsin a human
context.

Materials and Methods
Construction of chimeric IgD molecules

The plasmid vector pAS24 (a gift from Dr. P. W. Tucker, Department of
Microbiology, University of Texas Southwestern Medical Center, Dallas,
TX) contains a 9.9-kb genomic sequence encoding an incomplete human &
locus in pBR322 (31). Using this plasmid as the initia template, a wild-
type (wt) and a hl exon deletion mutant (Ahl) 8-chain were generated.
Gene segments were amplified by PCR using the primer pairs C,1frwd/
Hlrev and H2frwd2/C,,3rev for IgD, and C, 1frwd/C, 1rev and H2frwdl/
Cy3rev for Ahl (Table ). Resulting fragments were spliced by overlap
extension and amplified using the primers C,1frwd and C3rev. The &
secretory tailpiece was attached to each gene by additional rounds of PCR
using the primer pair C,,1frwd/8S. A Gly to Glu substitution in Ahl was
introduced with mismatched bases in the C,,1rev/H2frwd1 primers. Cloned
Pfu DNA polymerase (Stratagene, La Jolla, CA) was used for primer ex-
tension throughout. Both constructs were confirmed by sequencing. The &
constant region genes were ligated into the EcoRI/BamH | -digested expres-
sion vector pLNOH2 (32) downstream of a V,, domain specific for the
hapten NIP (33).

Cdl culture and transfections

The & H chain genes were transfected by electroporation into the murine
myeloma cell line J558L (a gift from Dr. S. L. Morrison, Department of
Microbiology, Molecular Biology Institute, University of California, Los
Angeles, CA). The cells were grown and transfected as described previ-
ously (34). Supernatants were screened for NIP-specific Ab production by
NIP-BSA sandwich ELISA developed with H chain-specific Abs as de-
scribed previously (35). The best 1gD- and IgDAh1-producing transfecto-
mas were expanded to a high-density cell culture miniPERM bioreactor
(Hereaus, New York, NY). Cell lines producing chimeric IgMC575S (a
monomeric IgM) and 1gG3, both with NIP specificity, have been described
previously (34, 36).

Ab purification and analysis

NIP-specific Abswere purified by affinity chromatography on a 4-hydroxy-
3-nitrophenacetyl-coupled AH Sepharose 4B column (Amersham Pharma-
cia Biotech) and eluted with 30 ml of 0.2 mM NIP in PBS/0.02% azide.
After vacuum concentration using a Schleicher & Schilll cartridge (Dassel,
Germany), the concentrates were dialyzed against PBS/0.02% azide for 1
wk with several changes of PBS. Protein concentration in the purified
material was determined both by quantitative ELISA and UV absorption at
280 nm using an extinction coefficient of 1.4. To verify the absence of
noncovalent oligomeric Ig forms comprised by aggregates of H,L, units,
samples of 25 g purified Abs were analyzed by HPLC using a Superdex
200 HR column (Amersham Pharmacia Biotech) in a buffer containing
0.05M Tris-HCI, 0.2 M NaCl, 2 M EDTA, and 0.02% azide (pH 7.6). The
analysis was conducted with a constant flow rate of 0.5 ml/min and a
pressure of 6 bar. In addition, the affinity-purified Abs were run on a non-
reducing 8% SDS-polyacrylamide gel and blotted onto a polyvinylidene
fluoride membrane (Millipore, Bedford, MA) in Trisg/glycine buffer (25
mM Tris, 192 mM glycine, and 20% methanol, pH 8.3) at 100 V for 1 h

Table I. Primer sequences utilized to generate IgD and IgDAh1

DIFFERENTIAL Ag-BINDING PROPERTIES OF CHIMERIC IgM AND IgD

in a Bio-Rad mini-protean Il blotting unit. The membrane was blocked
with 5% skim milk in PBS for 1 h at room temperature followed by wash-
ing with PBS/0.05% Tween 20 (PBS/T). The membrane was developed by
incubation with biotinylated anti-mouse A, L chain Ab (Southern Biotech-
nology Associates, Birmingham, AL) and streptavidin-HRP (Amersham
Pharmacia Biotech).

The molecular mass of IgD, IgDA1, and IgMC575S were determined by
mass spectroscopy (MS) on a Voyager-DE RP mass spectrophotometer
(Applied Biosystems, Foster City, CA). Briefly, 1 ul of affinity-purified Ab
(0.5-1 mg/ml) was diluted in 10 ul of sinapinic acid and 2 ul was trans-
ferred to agrid. The grid was loaded into the instrument after 15 min of air
drying and subjected to matrix-assisted laser desorption ionization-time of
flight MS analysis.

Both IgD and IgDAh1 were tested for Jacalin binding in ELISA. Jacalin
(Sigma-Aldrich, St. Louis, MO) was adsorbed to microtiter plates (Nunc,
Roskilde, Denmark) at 100 pg/ml in PBS (pH 7.4) overnight at 4°C. Con-
trol wells with NIP-BSA, prepared as described elsewhere (35), were
coated likewise. After washing with PBS/T, 8 nM Ab in PBS/T was a-
lowed to bind for 90 min at room temperature. Ab binding was detected by
the addition of biotinylated anti-mouse A, L chain Ab (1/1000) and strepta-
vidin-HRP (1/2000) in PBS/T followed by incubation for 90 min at room
temperature. An assay volume of 100 ul/well was used throughout, and the
plates were washed five times with PBS/T between each incubation step.
The plates were devel oped by adding 100 ul/well ABTS substrate (0.05 M
citric acid, pH 4, with 220 pg/ml diammonium salt) containing 0.2% H,0,
and incubating for 10 min at room temperature. The color reaction was
measured at 405 nm using a Flow Titertek Multiscan Plus Mk 1l specto-
photometer (ICN, Costa Mesa, CA). Furthermore, a competition ELISA
was performed in which a gradient of «-p-melibiose (Sigma-Aldrich) was
added to a constant amount of 1gD. Briefly, samples containing from 1 to
1000 mM a-b-melibiose in 100 ul of PBS/T were added to 2 nM IgD in
100 pl of PBS/T. These mixtures were then applied on Jacalin-coated wells
and Ab binding was detected as described above.

NIP-specific Fab were prepared by dissolving chimeric NIP-specific
1gG4 (9 mg/ml) in PBS (pH 7.4) containing 20 mM cysteine and 5 mM
EDTA followed by digestion with papain (Sigma-Aldrich) at a papain to
1gG4 wiw ratio of 2:100 at 37°C for 16 h. The digested mixture was passed
through a protein A-Sepharose column (Amersham Pharmacia Biotech)
and Fab was eluted with PBS (pH 7.4). The Fab fraction was further pu-
rified by gel filtration through a Superdex 200 column (1 X 30 cm) (Am-
ersham Pharmacia Biotech) and dialyzed against PBS (pH 7.4) overnight.

Immunoel ectron microscopy

Immunoelectron microscopic analyses of Abs and immune complexes
were performed by negative staining, as described previously (37). Briefly,
intact anti-ld 1gG and target 1gD were mixed at a 1:1 molar ratio (at ~1
mg/ml each) and anti-Id Fab and target IgD were mixed at a 3- to 4-fold
molar excess of Fab in borate-buffered saline and incubated at room tem-
perature for 30 min. Following incubation, the reactants were affixed to
carbon membranes, stained with uranyl formate, and mounted on copper
gridsfor analysis. Electron micrographs were recorded at X 100,000 mag-
nification on a JEOL CX 1200 electron microscope. Scoring of immune
complexes was performed directly on the electron micrographs with a
hand-held lens, and angular and hinge length measurements were scored
with an optical loupe fitted with a measuring graticule (Electron Micros-
copy Sciences, Fort Washington, PA). At least 1000 molecul es were scored
for each sample of intact Id-anti-ld immune complexes and for angular
measurements at least 100 molecules were scored for each sample. All

Name Sequence 5’ — 3'2
C,1frwd® AGT GGA ATT CCT CTC GGC AAC AAG AGC CCA GGG
Cylrev® CCT CCT CTc tCT GGC CAG CGG AAG ATC TCC T
Hlrev CCT CCT CIT CCT GIG TTA CGG GIG GIG CCT G
H2frwd1® CCC TGG CCA Gag AGA GGA GGA GAA GAG AAG AAG
H2frwd2 CGI AAC ACA GGA AGA GGA GGA GAA GAG AAG AAG
C,3rev TCT GIT ACA TAG CTG ACT TCT AGG CTC CGG
8sd ATA TCG GGA TCC CGA TAG TCA TTT CAT GGG GCC ATG GIC TGT TAC ATA CGCT GAC TTC

2Tags are given in italics.

b The 5'-end tag contains an EcoRI restriction site (underlined) for the subsequent subcloning of the fragment into the pLNOH2 vector.

¢ Lower case |etters indicate mismatches.

9 The 5'-end tag contains most of the 8S encoding sequence. In addition, this tag contains a BamHI restriction site (underlined) for the subsequent

subcloning of the fragment into the pLNOH2 vector.
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scoring was done blind. Only complexes in which both Fab arms were in
complex with 5B5 Fab probes and which formed angles between the arms
of between 160 and 200° were recorded for measuring of the maximal span
that could be bridged by IgD and IgM. The linear measurements between
the distal portions of the extended Fab arms were adjusted. This was done
by first compensating for the shortened reach in those complexes that de-
viated from the T-shaped 180° maximal extension and then subtracting the
14 nm contributed by the two attached 5B5 anti-ld Fabs. The distances
given represent the average of 25-30 measurements of each molecule.

Thiocyanate elution ELISA

Two different NIP-BSA conjugates with an average of 4 or 15 NIP mol-
ecules per BSA molecule, respectively, were prepared essentially as de-
scribed previously (35). The thiocyanate elution ELISA was performed
essentially as described el sewhere (38). The two NIP-BSA conjugates were
adsorbed to microtiter plates (Nunc, Roskilde, Denmark) at 1 wg/ml in PBS
(pH 7.4) overnight at 4°C. Thus, the epitopes were adsorbed to the surfaces
in arandom, unspecific manner. However, there is alarge difference in the
amount of epitopes that are attached to the two surfaces.

Ag integrity after chaotrope exposure was assessed as follows: After
blocking residual binding capacity with 5% skim milk, a gradient of am-
monium thiocyanate (Sigma-Aldrich) ranging from 0 to 3.0 M in PBSIT
were added to NIP-BSA ,s-coated plates and incubated for 20 min at room
temperature. Then, 50 ng IgMC575S in PBS/T was added to each well and
incubated for 90 min at 37°C. Ab binding was detected with anti-mouse A,
L chain Ab as described above, with the exception that the incubations
were done at 37°C. The effect of the chaotrope on the Abs was assessed by
mixing 1 png IgMC575S and 1gD, respectively, in 10 ul of PBS with 100
wl of achaotrope gradient in PBS followed by a 20-min incubation at room
temperature. The samples were diluted to total volumes of 3 ml in PBS,
transferred to separate dialysis cassettes (Pierce, Rockford, IL), and dia-
lyzed against 1000x volumes of PBS overnight at 4°C. The Ag binding
ability was then detected by ELISA as described above.

In the thiocyanate elution ELISA, the Ag binding ability of the Abs was
assessed using both Ag conjugates. IgD, IgDAh1, 1gG3, and IgMC575S
were added at a concentration previously determined to give an A,qs Of
~1.0in the NIP-BSA ELISA. Binding was allowed to occur for 90 min at
37°C. Ammonium thiocyanate was then added at concentrations ranging
from0t0 2.0 M in PBS/T, and the plates were incubated for 20 min at room
temperature. Ab binding was detected as described above. Functional af-
finity was displayed as an index corresponding to the molar concentration
of ammonium thiocyanate required to produce 50% reduction in Ab bind-
ing detected in ELISA. Significant differences (« = 0.05) were determined
using the Wilcoxon rank-sum test.

Surface plasmon resonance analysis

Binding kinetics were determined by surface plasmon resonance using a
semiautomatic BIAcore X instrument and the BlAevauation 3.0 software
(Biacore, Uppsala, Sweden). NIP-BSA was immobilized on research grade
CM5 sensor chips using the amine coupling kit supplied by the manufac-
turer. Unreacted moieties on the surface were blocked with ethanolamine.
Conjugate concentrations of 300 wg/ml (BSA-NIP,5) and 0.5 wg/ml (BSA-
NIP,) in acetate buffer and contact times of 5 min at aflow rate of 5 ul/min
gave ~134 resonance units (RU) and 67 RU of immobilized material,
respectively. Control BSA surfaces were prepared in an analogous manner.
Such random coupling does not allow a controlled distribution of epitopes.
Furthermore, the dextran matrix is not a rigid support, but rather behaves
as aflexible matrix (39). However, there is alarge difference in the amount
of hapten that is present on the two chips. Therefore, the BSA-NIP, 5 sur-
faceisreferred to as the high and the BSA-NIP, surface as the low epitope
density surface, respectively. HEPES-buffered saline (10 mM HEPES, 150
mM NaCl, 3.4 mM EDTA, and 0.005% surfactant P20, pH 7.4) obtained
from the manufacturer was used as sample dilution and running buffer in
al experiments. The NIP-specific IgD, IgDAhQL, and IgMC575S were an-

Table Il. Hinge region amino acids
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ayzed at 37°C. The kinetic data were examined for mass transport limi-
tations and the flow rates adjusted accordingly. Two different Ab concen-
trations in a 60-ul volume at a 20-ul/min flow rate were injected (30 nM
and 1000 nM) on the low epitope density surface. Likewise, two Ab con-
centrations (10 and 1000 nM) in a 60-ul volume at a 50-ul/min flow rate
were injected on the high epitope density surface. The samples were du-
plicated and injected in random order. At the end of al runs, the surfaces
were regenerated by injecting 10 ul of 50 mM NaOH (pH 12). To mini-
mize interference in the signa at this temperature, the running buffer was
preheated to 37°C using a water bath. Likewise, the Ab solutions were
heated to 37°C immediately before injection. Four affinity-purified, NIP-
specific preparations were analyzed at 25°C, namely, IgD, IgDAhL,
1gG4Fab, and IgMC575S, at concentrations ranging from 20 to 2000 nM.
Each sample was duplicated and injected in random order on the low
epitope density surface at flow rates between 20 and 50 wl/min. To correct for
nonspecific binding and bulk buffer effects, the responses obtained from the
control surfaces and blank injections were subtracted from each interaction
curve. Kinetic rate constants were calculated smultaneously from the associ-
aion and dissociation phases of the 25°C interaction curves using predefined
models provided by the BlAevaluation 3.0 software. Semiquantitative com-
parison was performed when andyzing the 37°C runs.

Results
Construction and expression of recombinant NIP- specific Abs

Soluble, full-length chimeric IgD with specificity for the hapten
NIP was constructed. The 64-aa structural hinge of human IgD is
the longest hinge known to exist in any Ab (19). To dissect how
thislong hinge affected the binding properties, we created a mutant
where the 34 NH,-terminal hinge amino acid residues were re-
moved by deleting the h1 exon, creating IgDAN1 (TableIl). Dueto
the splicing pattern, where codons are assembled from neighboring
exons, two additional amino acid residues, Glu*®® and Arg™’,
would be removed in the exon deletion process and replaced by
one Gly residue. Assuming that Glu*®? could be important for the
segmental flexibility (40—42), we chose to reconstitute Glu*®? by
in vitro mutagenesis. The IgMC575S and 1gG3 molecules have
been described previously (34, 36). The Igs were all expressed in
the murine myeloma cell line J558L resulting in identical mono-
valent specificity dueto the H,L , formation with the endogenously
expressed A, L chain (33).

Sructural analysis

All Igs were affinity purified, analyzed by Western blotting, and
found to be secreted as H,L, units (Fig. 1). To compute molar
concentrations of 1gD, IgDAh1, and IgMC575S, an accurate mo-
lecular mass determination was conducted by MS. The molecular
mass of IgD and IgMC575S was estimated to 174.1 and 190.8
kDa, respectively, which are in agreement with previously pub-
lished results (43-45). As for IgDAhL, it was found to be 158.8
kDa, which is 15.3 kDaless than the wt molecule. Theseresults are
also in accordance with the SDS-PAGE migration patterns ob-
served in Fig. 1. The IgDAh1 contains a 34-aa deletion, which
should reduce the molecular mass by ~6.6 kDa (46). In addition,
this region contains four to seven O-linked carbohydrate moieties
per H chain, which would be absent from the IgDAh1 (19, 47, 48).
The lectin Jacalin binds selectively to a-O-glycosides (49) and has
been shown to bind endogenous human IgD (50). Thus, to study

g Type C-terminal C,1 Upper Hinge
IgD FRWPE SPKAQASSVPTAQPQAEGSL AKATTAPAT TRNT GRGGEEKKKEKEKEEQEERETKTPE
IgDAh1 FRWPE RGGEEKKKEKEKEEQEERETKTPE
1gG3 VDKRV ELKTPLGDTTHT
IgMC575S VPLPG -2

21gM does not possess a hinge region but contains an extra Ig domain.
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FIGURE 1. Western blot analysis. Affinity-purified Abs were run on a
8% nonreducing SDS-PAGE, blotted onto a polyvinylidene fluoride mem-
brane, and developed using anti-A, L chain Ab as described in Materials
and Methods.

whether the deletion mutant indeed lacked the O-linked carbohy-
drate, we tested the Abs for Jacalin binding in ELISA (Fig. 2).
While IgD bound specifically to Jacalin, IgDAh1 did not. Both
exhibited ssimilar Ag binding capacity (Fig. 2A). Furthermore, IgD
binding to Jacalin could be inhibited by «-p-melibiose, a monosac-
charide that exhibits strong binding to Jacalin (49) (Fig. 2B). We
therefore conclude that selective binding of I1gD to Jacalin is dueto
O-coupled carbohydrates attached to the hinge and that are missing
in IgDAN1.

Electron microscopic analysis of g and immune complexes

We have previously used electron microscopy to document two
modes of hinge-related shape and flexibility in human IgMC575S,
IgE, 1gA2, the four 1gG subclasses, and several 1gG3 hinge mu-
tants (51, 52). In this report, IgD and IgDAh1 were studied using
the same method. In one set of analyses, the Ag binding sites were
tagged by reaction with Fab anti-1d so that the angle between the
Fab “arms’ could be measured. The data are expressed as the mean
angle for the particular target 1g and, as a measure of the degree of
variability about this mean, we report the SD as a “hinge fold
flexibility function.” T-shaped molecules would thus have a mean
of 180° and Y -shaped molecules with the most upwardly extend-
ing (parallel axes) Fab arms would be 0°. In a second set of anal-

1.6 B
1 —Jacalia A 100
L4 —NIP-BSA
124 80
3 2
£ 1.0 £ 60
Py £
S 0.5 -
R 40
0.6
20
0.4
024 0 IR I AR S R
t 16 wo 1000
0.0+ fa-D-melibiosejmM
IsD 1gDAN1

FIGURE 2. A, Carbohydrate analysis of 1gD and IgDAh1. The level of
Ab binding to Jacalin was measured by ELISA as described in Materials
and Methods. As control, the Ag binding capacity to NIP-BSA was mea-
sured. One of two representative experiments performed in triplicates is
shown with the SD indicated by error bars. B, Specificity analysis of 1gD
binding to Jacalin. The ability of «-p-melibiose to compete with IgD for
Jacalin binding in ELISA was assessed as described in Materials and
Methods. Taking Ab binding in the absence of melibiose as 100%, the level
of Ab binding as function of melibiose concentration is depicted. The data
are representative of two independent experiments.

yses, the Ig molecules were complexed with complete Ig anti-Id.
The ring complex having the fewest components (in this case one
Id and one anti-1d, i.e., a ring dimer) is the energetically most
favored form (53). Ring dimers will form preferentialy if the flex-
ibility of the arms of the reactants is such that the narrow Y shape
isallowed or if the molecules arerigid Y shaped. A rigid T shape
in contrast will prohibit the formation of ring dimers and the next
larger ring (two lds and two anti-lds, i.e., ring tetramer) will be
favored.

The results are summarized in Table I1l, in which previously
reported data for chimeric 1gG3 and IgMC575S are included for
comparison. In addition, representative examples of the various Ig
forms are shown in Fig. 3. We show that IgD isthe most T shaped
on average (142°), on par with what was previously found for IgE
(141°) and 1gG3 (136°), and by far the most flexible (=77°), ex-
ceeding even IgMC575S (£56°). Partia deletion of the hinge in
gD gave amolecule with an average angle midway between T and
Y shape (126°) with considerable flexibility (+52°) similar to
1gG3 (+53°). IgMC575S was Y shaped in the previous study
(105°) and showed a high degree of flexibility (+56°) (52), al-
though clearly less than I1gD. We then reacted each Ig with the
anti-ld Ab and screened for the ability to form ring complexes of
various sizes (52). IgD and IgDAhL readily formed ring dimers
similar to what had previously been found for IgG3 and approxi-
mately one-half of the molecules were seen in this form. However,
neither of these molecules could match IgM C575S, which formed
75% ring dimers (52).

Furthermore, we also determined the maximal span that could
be bridged by 1gD and IgM by linear measurements between the
distal portions of the extended Fab arms. The IgD molecule can
span avery large distance of 26 + 2.3 nm, but is closely rivaled by
IgM, which can span a distance of 23 = 1.5 nm.

Relative functional affinity determination by thiocyanate elution
ELISA

The relative functional affinity of the anti-NIP Igs was investigated
by thiocyanate elution ELISA (38). Results obtained with this as-
say using hapten Ags have been shown to correlate well with re-
sults obtained with other established procedures (54, 55). In the
elution assay, 0.1-2.0 M ammonium thiocyanate were used to dis-
rupt the binding of anti-NIP Igs to NIP-BSA. Addition of 2.0 M
ammonium thiocyanate reduced the binding of all of the Igsto a
minimum, such that no further effect was seen when increasing the
ammonium thiocyanate concentration. To investigate how epitope
density affected the functional affinity, the assay was performed on
two different antigenic surfaces. The functional affinity indices
were calculated as the molar concentration ammonium thiocyanate
required to produce a 50% reduction in binding as detected at A g
(Fig. 4A). Importantly, samples from the Ab preparations used
were analyzed by HPL C both before and after the ELISA to verify

Table I1l. Comparison of 1g isotypes and mutants
Ig Type IgD 1gDARL IgMC5755% 1gG3*
UH length (no. of 58 24 NAP 12
amino acids)
% ring dimers 51 50 75 47
Mean Fab-Fab angle 142° 126° 105° 136°
Hinge fold flexibility® *77° +52° +56° +53°

2The data for IgG3 and IgMC575S have been published previously (51, 52).

PNA, Not applicable.

°The SD vaues is taken as a measure of the degree of flexibility (hinge fold
flexibility) about the mean angle.
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IgDAh1

IgM(C5758

IeD
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IgDAh1
+ Fab

IgMC5758
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FIGURE 3. Panel of selected electron micrograph images of 1gD, IgDAh1, and IgMC575S with and without attached Fab anti-Id 5B5. The electron

micrographs were recorded at X 100,000 magnification.

the complete absence of oligomers comprised by noncovalent
H,L, units (data not shown).

Whereas IgD bound with similar functional affinity at both high
and low epitope density, the other molecules bound with less
strength at low epitope density. IgMC575S was a better binder
than IgD at high epitope density (mean, 0.39 M = 0.02 vs 0.32
M = 0.06, n = 8, « = 0.029), whereas IgD was a better binder
than IgMC575S at low epitope density (0.32 M = 0.06 vs 0.23
M + 0.02, n = 6, « = 0.05). This was largely due to IgMC575S
losing binding strength at low epitope density. There was no sig-
nificant difference between IgD and IgDAhL at high epitope den-
sity (0.32 M = 0.06 vs 0.33 M = 0.02, n = 8). At low epitope
density, however, the binding ability of IgDAh1 decreased some
and, consequently, IgDAh1, on average, bound weaker than its wt
counterpart (0.26 M = 0.04 vs 0.32 M =+ 0.06, n = 6). On both
surfaces |gG3 bound weakest of all of the Igs (0.28 M =+ 0.04 and
0.14 M = 0.02, n = 5). Thus, the Ag binding strength of the
various Abs could be ranked in the order IgMC575S > IgDAhL =
IgD > 1gG3 at high epitope density, and IgD = IgDAhl =
IgMC575S > IgG3 at low epitope density, respectively.

To exclude the possibility that the reagents were affected by
treatment with the chaotrope, both the anti-NIP Igs and the high-
density NIP-BSA preparation were preincubated with ammonium

thiocyanate before assessment of Ab binding to Ag. Preincubation
was demonstrated not to influence subsequent Ab binding to solid-
phase bound NIP-BSA (Fig. 4B). However, preincubation of 1gD
and IgMC575S and subsequent removal of the ion by dialysis de-
creased the Ag binding capacity weakly, starting at chaotrope con-
centrations of 0.8 and 0.6 M, respectively (Fig. 4C). This may
indicate a weak loss of overall molecular integrity from this point
forward, which is well above the chaotrope concentrations found
in the experiment depicted in Fig. 4A.

The effect of epitope density on Ab binding kinetics

To investigate how the H chain regions of the Igs affected the
kinetics of the Ag binding process and how the kinetics differed at
high and low epitope density, two different antigenic surfaces were
generated with BSA-NIP,5 and BSA-NIP,. Both Ag preparations
were immobilized by random amine coupling on research grade
CM5 chips, reaching alevel of 67 RU with BSA-NIP, and 134 RU
with BSA-NIP,s, respectively. The conjugation levels were delib-
erately kept this low because we anticipated that this would en-
hance our ability to reveal putative differences in Ab binding. The
134 and the 67 RU surfaces were taken to represent high and low
epitope density, respectively. A semiquantitative comparison be-
tween the binding kinetics at these two epitope densities measured
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FIGURE 4. A, Thiocyanate elution ELISA. Absin PBS/T were added to
microtiter plates with NIP-BSA at high (NIP,5) and low (NIP,) epitope
density, respectively, to give an absorbance at 405 nm of ~1.0. A gradient
of NH,SCN was added and the amounts required to reduce binding by 50%
are depicted in the histograms. An Ab of irrelevant specificity was included
in al of the measurements as negative control (datanot shown). The results
represent the average of at least three independent measurements with the
SD indicated by error bars. B, The antigenic integrity after thiocyanate
exposure was assessed by the capacity to adsorb Ab. NIP-BSA-coated
wells were incubated with a gradient of the chaotrope, followed by
IgMC575S binding and detection as described in Materials and Methods.
One of three representative experiments performed in triplicates is shown
with the SD indicated by error bars. C, Ab integrity after thiocyanate ex-
posure assessed by the capacity to bind Ag. IgMC575S and IgD were
preincubated with a gradient of thiocyanate followed by removal of the
chaotrope by dialysis as described in Materials and Methods. Remaining
Ag binding ability istaken asameasure of structural integrity. One of three
representative experiments performed in triplicates is shown with the SD
indicated by error bars.

at 37°C was performed using a Bl Acore (Fig. 5). The sensorgrams
for each molecule were overlaid and the slopes of the association
and dissociation curves were compared. To better visualize the
shapes of the progress curves and thereby the differences between
the data sets, the sensorgram overlays were rescaled to percent
response.

The observed association rates of IgMC575S and IgDAh1 were
virtually the same at both 30 nM and 1000 nM concentrations on
the low epitope density surface, while IgD exhibited a marginally
slower observed association rate. Furthermore, IgD had the slow-
est observed dissociation phase, followed by IgDAhL and then
IgMC575S (Fig. 5, A and B). At high epitope density and at both

1000 and 10 nM concentrations, the observed association rates of
IgMC575S, IgD, and IgDAh1 were similar (Fig. 5, C and D). How-
ever, the observed dissociation rates were opposite from the situ-
ation with low epitope density as IgMC575S dissociated slower
than IgD and IgDAh1 (Fig. 5, C and D).

The intrinsic affinity was derived from the association and dis-
sociation rate constants for an anti-NIP Fab on the low epitope
density surface at 25°C. The Fab molecule was purified to homo-
geneity by size-exclusion chromatography immediately before the
analysis. The kinetic rate constants were obtained using a ligand
heterogeneity model, which gave the best global fit using the BI-
Aevaluation 3.0 software. As shown in Fig. 6, the Fab exhibited a
rapid dissociation. The k., value was 0.12 s~ * while the k,,, value
was estimated to 3.32 X 10° M~ !s™* (Table IV). An affinity of
3.6 X 1077 M was derived from the estimated rate constants ac-
cording to the equation Ky = K/K,,,. This is supported by results
from the high epitope density surface, where the K, was estimated
by equilibrium analysis to a value of 3.0 X 1077 M (data not
shown).

Serial injections of IgMC575S, 1gD, and IgDAh1 were done on
the low epitope density surface at 25°C (data not shown). As ex-
pected, the data did not fit a ssimple first-order bimolecular inter-
action model, since the analytes are bivalent molecules. Conse-
quently, a model attempting to describe bivalent binding kinetics
was applied. Thismodel describes the binding of abivalent analyte
to immobilized ligand, where one analyte molecule can bind to one
or two ligands. Binding to the first ligand is described by a single
set of rate constants, k,,, and K., Which correspondsto the intrinsic
affinities of the various molecules. The derived kinetics is summa-
rized in Table IV. The k,, and k. values all fell in a relatively
narrow window and yielded K, values 4- to 8-fold lower than the
value obtained for the Fab. This should be expected since the in-
dividual Fabs in the context of complete Abs have numerous fa-
vorably oriented Fabs in the extreme vicinity of the reaction sur-
face and thus a higher probability of rebinding.

Binding to the second ligand by the same analyte is described by
a second set of rate constants, k., and k.. IgDAh1l and
IgMC575S were amost indistinguishable, but clearly different
from that of IgD. The order is virtually the same as in the quali-
tative comparison (Fig. 5) and, furthermore, the difference is clear
both in the on- and off-rate, asisalso clearly visiblein Fig. 5, Aand
B. Large differences between the derived association rate constants
of the three molecules were obtained, ranging from 4.3 to 100.1 X
10° M~ *s™*, where IgD exhibits the slowest, IgDAh1 intermedi-
ate, and IlgM C575S the fastest kinetics. Furthermore, IgD had 10-
fold slower k;, than IgDAN1 and IgM C575S, which suggests that
IgD has a higher degree of bivalent binding at low epitope density.
Notably, there is a discrepancy between the observed dissociation
rate of IgDAh1, which is similar to that observed for IgMC575S,
and the higher k., value with a very high SEM estimated for
IgDAhL. Asinthe ELISA, samples from the Ab preparations used
in the BlIAcore analysis were analyzed by HPLC before and after
the assays to verify the complete absence of noncovalent oli-
gomers of H,L, units (data not shown).

Discussion

The role of flexibility and reach in Ab function

In this study, we compare the Ag binding ability of a matched set
of Abswith identical binding regions, but with marked differences
in the C region, namely, IgM, IgD, and a mutant of IgD with a
truncated hinge. The aim of the study was to shed light on an
intrinsic functional property of 1gD compared with IgM, namely,
how differences in segmental flexibility and reach translates into
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FIGURE 5. Semiquantitative comparison of Ab binding kinetics at high (NIP;s) and low (NIP,) epitope density. The data were rescaled with the
maximum response of each sensorgram as 100%. Sensorgram overlays of the 1000 nM (A) and the 30 nM (B) Ab injection at low epitope density and of
the 1000 nM (C) and the 10 nM (D) Ab injection at high epitope density are given. Deviations in the curves, such as the premature drop in the late
association response for one of the Absin A, were caused by disturbances in the reference cell during the injections at 37°C and are a consequence of gas
formation in the internal flow system and thus do not reflect the genuine binding event.

their ability to engage Ag at different epitope densities. IgM and
gD are coexpressed as BCRs on mature, naive B cells and play a
pivotal role in the initiation of the humoral immune response. The
apparent redundancy in BCR expression remains elusive, but
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FIGURE 6. A, Corrected sensorgram overlays for the NIP-BSA Fab in-
teraction. The fluctuating lines represent repeated injections of Fab ranging
from 20 nM to 2 uM. The solid straight lines that intersect the data points
are the best global fits to the heterogeneous ligand model using nonlinear
|east-squares analysis. B, Residual plot for the global fit of the experimental
vs modeled data shows random distribution at the instrument noise level.

structural information may give alead to their individual roles. We
have attempted to equalize all factors other than the differencesin
the Fab to Fc tether, thus enabling us to measure the functional
consequence of the hinges in these molecules. The results pre-
sented clearly support the hypothesis that segmental flexibility en-
hances the ability to bind Ag at low epitope density by allowing
unrestricted Fab movement and thereby bivalent binding (56-58).
Furthermore, depending on the distance between the epitopes,
reach may well be as important as flexibility in determining the
feasibility of bivalent binding.

The upper hinge length affects segmental flexibility

The IgD molecul e possesses an unusually long and glycosylated
structural hinge. Both IgD and IgA1 have hinges that lack the
extensive disulfide bridging seen in the other hinge-containing
Igs, and both possess O-linked carbohydrates. Recently, homol -
ogy modeling of human IgA1 suggests that its hinge peptides
are extended structures, which due to the high incidence of
O-glycosylation and in the context of the whole Ab yields a
T-shaped molecule with almost 180° between the paratopes
(59). Thus, the part of the IgD hinge that is glycosylated may be
extended as well.

In this study, we show by electron microscopy that IgD on av-
erage is T shaped, but is by far the most flexible of all Igs previ-
ously tested by this method and can readily form acute Y -shaped
angles necessary for ring dimer formation. In accordance with this,
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Table IV. Anti-NIP binding kinetics®

DIFFERENTIAL Ag-BINDING PROPERTIES OF CHIMERIC IgM AND IgD

Kon (10%/Ms) Kot (107%/s) Konz (10°%/Ms)° Kotz (/9) x>
Fab 332+15 1230 = 34 NAd NAd 0.7
IgD 6.6+ 0.1 6.3+ 0.2 43+01 0.19 = 0.01 0.6
IgDAh1 12.7 + 0.2 57+ 0.2 64.6 = 31.6 247+ 121 0.7
IgMC575S 10.0 = 0.1 48+01 100.1 + 0.7 2.07 = 0.02 0.7

2Kinetics of Fab, 1gD, IgDAh1, and IgM C575S binding to NIP-BSA calculated by global analysis on the low epitope density
surface using a heterogeneous ligand (Fab) and a bivalent (Abs) interaction model. The analysis was conducted at 25°C and al

values are given = SEM.

P Koo (RUS™Y) t0 kypp (MT2s73): ko X molecular mass X 100.
¢ Chi sguare values resulting from global curve fitting using nonlinear least-squares analysis.

9NA, Not applicable.

the 1gD molecule can easily accommodate a closed ring dimer
conformation. Thus, it is clear that even though the upper hinge
(UH) is heavily glycosylated, there appears to be little steric hin-
drance due to carbohydrate clustering. The UH is defined as the
peptide that stretches from the end of C,,1 to the first Cys residue
in the hinge that forms an inter-H chain disulfide bond (60). Such
a constraint could potentially lock the individual Fab arms of the
molecule in a narrow window of permissive conformations, which
isclearly not the case. The IgDAh1 mutant has 24 aain the UH and
lacks carbohydrate altogether. Electron microscopy showsthat it is
less T shaped and has lower hinge fold flexibility than its wt coun-
terpart. This may relate to the reduced length of the hinge, the lack
of carbohydrate, or both. The IgDAh1 behaves roughly similar to
1gG3 with its 12 aa and unglycosylated UH. IgMC575S has been
described previously (52). Compared with IgD, IgMC575S is more
Y shaped and has lower hinge fold flexibility. Nevertheless, it is
better able to form ring dimers than IgD and IgDAh1. We have
previously suggested that the mean Y shape of the molecule might
predispose the Fab arms into a geometry that favors cross-linking
and ring dimer formation (52).

The 26-nm distance bridgeable by the Fabs of a single mono-
meric Ab molecule identified for the IgD molecule is, to our
knowledge, the largest distance reported to date (61). This suggests
that IgD is able to bind bivalently to Ag molecules with epitopes
separated by a larger distance than any other Ab.

Affinity discrimination measured by relative functional affinity

In light of the flexibility data, we wanted to study whether or not
thereisafunctional consequence associated with the differencesin
segmental flexibility. In the solid-phase ELISA, we obtained rel-
ative values for the functional affinity of IgD, IgDAh1, IgMC575S,
and 1gG3. These values are comparable given the identical exper-
imental conditions. The matched set of anti-NIP Abs was tested on
two different antigenic surfaces, which represented high and low
epitope density, respectively, and the corresponding functional af-
finities were ranked. Functional affinity corresponds to the con-
centration of ammonium thiocyanate required to reduce Ab bind-
ing by 50%. The possibility that the bound NIP-BSA antigenic
complex is affected by treatment with this chaotropic reagent has
been tested in a previous study (55), where it was shown that
preincubation with ammonium thiocyanate did not affect subse-
quent Ab binding. In the present study, we confirmed this finding.
Furthermore, we also show that the Ab integrity is unaffected by
the chaotrope in the concentration range where the 50% inhibition
takes place and, thus, these values can be adequately taken as
measure solely of the strength of the binding between the immune
complexes.

Given identical specificity and no steric binding constraints, one
would expect that the Ab molecule with the least segmental flex-
ibility would be the better binder, as the loss of entropy should be

minimized. On the high epitope density surface, we found that
IgMC575S bound better than the IgD molecule, which, in turn,
bound about aswell asthe IgDAh1 molecule. Thisisin accordance
with what was observed in electron microscopy where IgMC575S
made ring dimers more readily than the other subclasses. IgDAh1
has decreased reach and hinge fold flexibility compared with IgD.
However, this did not impair binding to the high epitope density
surface.

On the low epitope density surface, IgD was the better binder,
followed by IgDAh1, while IgMC575S binding was reduced
>40% of that observed at high epitope density. This indicates that
the limited reach and/or flexibility of IgM reduced its ability for
bivalent binding at the low epitope density surface, whereas IgD
bound both surfaces equally well. The difference in functiona af-
finity that appeared between IgD (58 aa UH) and IgDAhL (24 aa
UH) at low epitope density surface is most likely caused by the
loss of reach and/or flexibility of the Ahl version as compared with
the IgD molecule.

When comparing 1gG3 (12 aa UH) with I1gD and IgDAh1, only
minor differences in binding strength were observed at high
epitope density. On this surface, the reach of the Fab arms seems
to be of little importance, as long as it is sufficient to provide the
opportunity for bivalent binding. In contrast, the results at the low
epitope density surface suggest that the reach and hinge flexibility
are the dominant parameters with respect to functional affinity. IgD
was the best binder and the difference between this molecule and
1gG3 was pronounced.

Kinetic aspects of bivalence

Two different Ag surfaces comparable to those in the solid-phase
ELISA were generated, and the effects of different epitope density
on the Ab-Ag-binding kinetics were assessed by surface plasmon
resonance. A semiquantitative comparison of the obtained sensor-
grams exhibited the same trend in binding kinetics as the solid-
phase ELISA. Thus, we found that the binding strength to NIP of
IgMC575S, IgDAN1, and IgD at high epitope density could be
ranked in this order, with IgMC575S most tightly bound. This
result again argues that entropy effects, and not reach, are the de-
termining factor at high epitope density. At low epitope density,
the binding strength is ranked in the opposite order. This result is
also in concordance with previous arguments that on the low
epitope density surface, reach and/or flexibility provided by the
long UH are contributing as mgjor factors in alowing bivalence
and thereby a stable Ab-Ag complex (41, 42, 52, 62).

Discrepancies between intrinsic and functional affinity

The intrinsic association and dissociation rate constants for IgD,
IgDAN1, IgMC575S, and a corresponding monomeric 1gG4 Fab
were tentatively determined by fitting data obtained on the low
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epitope density surface. The low epitope density surface was cho-
sen, as low ligand density makes it less likely that rebinding oc-
curs. Small differences in intrinsic kinetics (k,,, and k) between
the three complete Abs were observed. However, rate constants
describing the cooperative binding step (k... and K.g,) differed
such that IgMC575S had 23-fold faster association than IgD. This
refers to the binding of the second Fab arm after the first has
already bound. Obviously, thiswill be slower for the more flexible
I1gD, as Fabs in the context of the IgD hinge most likely diffuse
through alarger volume before binding than Fabs in the context of
IgMC575S. Furthermore, the k., rates differ by a factor of 10,
with 1gD having the slowest off rate.

Clearly, the bivalent model used in this study istoo simplistic to
describe all of the components of the true interaction (63). Thisis
particularly evident when observing the higher k4, vaue esti-
mated for IgDAQ1 as opposed to the observed dissociation kinet-
ics. To give a more complete kinetic description, parameters such
as the functional difference between the two binding sites on the
analyte, ligand density, and steric hindrance must be incorporated
in the model (63, 64). Furthermore, even a lower epitope density
would have been necessary to minimize rebinding of Fab arms of
1gD, where the flexibility and reach is great. This emphasizes the
classical problem in studying bivalent binding. Nevertheless, the
results from both the ELISA and the BlAcore exhibited the same
affinity discrimination between high and low epitope density
surfaces.

The results presented in this work strongly indicate that 1gD and
IgM have different Ag binding modes with respect to different
epitope densities. IgM forms a more stable Ab-Ag complex than
IgD at high epitope density, while the situation is reversed at low
epitope density. This is related to differences in their molecular
structure and, in particular, the segmental flexibility required for
unrestricted Fab movement. We chose to investigate the molecules
in solution. In vivo, soluble IgM exerts its function mainly as pen-
tameric units while we used a monomeric unit. Clearly, the poly-
meric IgM molecules would exceed the monomeric IgD with re-
spect to functional affinity and reach (44, 65). However, it has
been shown that the BCR exists as preformed oligomers and
aggregates in lipid rafts upon Ag binding (66, 67). Despite this
surface multivalence, depending on the form in which the Ag is
encountered, the binding strength of the BCR toward its Ag
greatly affects the level of aresulting T cell activation (68—70).
Thus, our results may have implications for the apparent redun-
dancy in BCR expression on mature, naive B cells in a human
context. In light of the results provided, it seems as though gD
and IgM coexpression rather represents a BCR degeneracy, in
which the two slightly different molecules occupy different, but
overlapping functions (71). Thus, together they may make a
given B cell able to respond more efficiently to alarger range of
pathogens ensuring increased survival of the organism. Al-
though we do not provide data that show discrepancies in cel-
lular response associated with the difference in the Ag binding
capacity reported, we do for the first time provide molecular
data to show that there is indeed an inherent difference in Ag
binding between the two forms of the BCR, IgM and IgD. By
selecting the appropriate Ags for further analysis, such cellular
differences may very well be revealed.
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