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Assract. A matched set of chimeric 1G1 and 18G4 antibodies were used to investigate the role of the

in binding to Ag with differing space between the epitopes. Antibodies bearing identical V regions and eilf
or lgGd C regions were engineered with and without hinges. We measured the binding of these antibodse
peptide CYYYEEEEY and to CYYYEEEEY-BSA conjugates with decreasing numbers of peptides per BSA
We earlier showed that V region differences in antibodies could affect Ag binding patterns in solid-pha
solution-phase assays; however, both types of assay yielded similar results for the hinge-deleled antibodi
of CYYYEEEEY-BSA by hinge-deleted and intact 1261 was similar, but intact 13G1 bound free peptide belie
did hinge-deletad 1gG1. Intact 12G4 antibody bound less well 1o CYYYEEEEY and CYYYEEEEY-BSA thand

but, surprisingly, hinge-deleted 2G4 showed better binding than did intact IgG4 and was more like thel
antibodies in binding affinity. Thus, the 18G4 hinge may impart a structural constraint that prevents high
binding 1o Ag. The hinge-deleted 18G4 antibody did not activate C, although it bound Ag similarly to In
studly is the first to address the effect of the 1gG hinge on Ag binding by using well defined Ag with differen
densities. Our results may provide an explanation for the apparent low affinity of [gG4 antibodies.

Immunalagy, 1993, 150 5400,
he use of matched sets of chimeric antibodies, 1.,
I identical % regions paired with C regions of dif-
ferent classes ar subclasses, has been instrumental
in the investigation of human [g effector functions (1). Gen-
erally, binding of chimeric antibody to iLs epitope is thought
to be unaffected by its subclass. [n some cases, however,
subclass differences do alter Ag binding specificity (241
Also, antibodies with mutations in the C region were shown
to have increased Ag binding affinity, compared with wild-
type antibody (5-7).
The C region domains of [gl are responsible for the
effector functions of the antibody, Within the C region, the
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hinge is the least conserved region between
subclasses. The role of the IgG hinge is to provid
chain stability throush disullide linkages and
vide segmental flexibility of the antibody (810
tionally, the hinge may have a role in C activation
hinge-deleted derivatives of C-fixing 126 subclas
activate C (8, 10-12). As vet, this role is not
uneerstood.
In previous reports, we showed that V region di
affected Ag binding and C activation by immobi
mune complexes (13, 140 As the epitope densityd
the hinding 10 Ag differed slightly but C activatio
significantly. This may have been the result of ¢
ferences in the fit of the Ag into the Ag binding sif
change in flexibility caused by the V region. Beci
hinge is responsible for segmental flexibility, we
determine whether deletion of the hinge region woukd
in differences in Ag binding similar to those obser
Y region alterations. We therefore examined the
hinge in the binding of antibodies to Ag with i
distance between epitopes. Hinge-deleted variant
and 1gG4 chimeric antibodies that have identical
were prepared and used in solid-phase and solution:



iof Immunoclogy

iassays Lo measure the binding to Az The results
tthit hinge-deleted IgG1 was not significantly dif-
fiom intact [gG1 but did show some differences al
zdensity. More interestingly, hinge-deleted TgG4
e better than did intact lgG4, regardless of epitope

fic antibodies were expressed from murine Vg zenes
uman TgG1oor 1gG4 Cy genes, in the k-produc-
e T17.2, as described previously (14). A sche-
gram of the H chain constructs i3 shown in Figure
deleted [2G1 Cyy genes were generated by PCR?
. Briefly, the Cyl exon (including flanking
i the Cpy2 plus C53 exons with their flanking
ntrons were amplificd by PCR, The primers
e Oyl region contained a 5° EcoRI site and a 37
cas follows: upstream primer, 5'-TAGGAAT-
CTGTCCCACACC-3"; downstream primer,
TACCTTTGGGOTGGGCTTAGGT-3'.  The
i the Cy2 plus Cyy3 region contained a 5° Kpnl
EcoRl site, as [ellows: upstream primer, 5
ACCAGGCCTCGCCCTCCAGCT-3";, down-
er, S-TAGGAATTCCGGGATGCGTCCA-
i-3". The two pieces were ligated together at the
and then ligated into pSY-E-neo (15) at the EcoRl
eV region genes were inserted at the BamHI site as
{14). The assembly is shown schematically in
Hinge-deleted 19G4 Ty, genes were engineered
led mutagenesis. The 1gGd C region gene has
il site immediately upstream from the hinge
we inserled a Psrl site downstream {rom the
sing the Mutagene kit (Bio-Rad, Richmond CA)
mutagenic  oligonucleotide  5'-TTGAGCT-
GAGGCC-3'. The hinge exon was removed
igestion, For all H chain construets, the same ¥y,
ted with the Cyy genes in pSV-E-neo and ex-
ithe x-producing T17.2 cell line {133, The anti-
nize the glutamic acid and Lyrosine residues of
polypeptide (Tyve.Glu)-Ala-Lys (16,
YYYEEEEY was synthesized by Dr. John
ional Institutes of Health Biological Resources
Dr. Jean Starkey, Montana State University
. Maleimated BSA was purchased from
ratories (Rockford, [L), and the peptide was
nit{via the amino-termingl cysteine) at various
ratios as described (13). The peptide to BSA
of the conjugates were determined by the size
eate according to SDS-PAGE.

d in this paper: PCR, polvmerase chain reaction: PEG,
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mRNA wus prepared from cell cultures by using oligo-
{dTh-cellulose (Beckton-Dickinson, Bedford, MAY (173
cDNA fragments of the ¥y, or Cy; regions were prepared by
using the Gene Amp RNA PCE kit (Perkin Elmer
Cetus, Norwalk, CT). The V region primers were 5'-
CTGCAGCAGCCT-3' (upstream primer) and 5°-TG-
AGGAGACGGTGACCGT-3' {downstream primer). The
C region primers were 53 -GGCCCATCGOGTCTTCCCC-
CTGGC-3" (upstream primer) and 3 -TAGGAATTCOOG-
GAGACAGGGAGAG-3' (downstream primer). Sequenc-
ing was performed with Sequenase version 2.0 (United
States Biochemical Corp., Cleveland OH),

Solution-phase binding assays

Peptide alone and peptide-BSA were radioiodinated with
"1 by using Todogen (Pierce). Binding of Ag in solution
was determined by incubating '**I-peptide or '**I-peptide-
BSA with various concentrations of antibody and then pre-
cipilating the complexes in 7.5% PEG 8000 (13). In the
absence of antibody =5% of '"“I-labeled pepride and
peptide-BSA were precipitated. Association constants were
caleulated as described (1),

Solid-phase binding assays

ELISA were used to measure the binding of antibody to
immabilized Ag. Microtiter plates (Immunlon 2; Dynatech,
Chantilly, VA) were coated with the peptide-BSA conju-
gates at 1 pe/ml and then blocked with 1% BSA in PBS,
Antibodies (at various concentrations ) were incubated with
the immabilized Ag for | h at 37°C and washed, Bound
antibody  was  detected with  alkaline phosphatase-
conjugated anti-x  antibody  or  alkaline  phosphatase-
conjugated 1G] or 1gG4 antibody (13, 14). Controls in-
cluded irrelevant primary antibodies or maleimated BSA
{without peptide) as Ag, and these gave readings equal to
background (05, < 0.02), Measurements were made in
duplicate and the OD values were averaged. The difference
between duplicate measurements was << 10%. For each ex-
periment, all antibodies were tested simultaneously an the
same plate, so plate o plate variation was eliminated.

C activation

Clg binding by the antibodies in immabilized complexes
was measured in the O activation ELISA. C activation in
solution was measured by vsing an immune hemolysis as-
say. Both assays were described previously (13). Finally,
antibodies (without Ag) were heat aggregated ar concen-
trations of 100 pg/ml by incubation at 63°C for 30 min.
These were tested for C activation by using the immune
hemalysis assay.
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FIGURE 1. Canstruction of hinge-de- — i1 o
leted antibodies. Hurman g1 and 1gG4 nings
H chain penes from genomic libraries CH1 CHz CH3 lgEd
weere used to construct the chimeric H
chain genes. The hinge exons wera re- e oH e T oas i 1964 * antidy

moved by PCR lechnology or sitedi-
rected mulagenssis. A, schematic dia-
gram of the O region genes used to
create the chimeric antibodies used in
this stuchy, B, FcoRl site; K Kool site; P,
Psil site. B, the vector pSV-F-nen (gifl of
Dr. Thomas Siman) was used to assem-
ble the C region penes with the rear
ranged murine V repion gene T17 (275,
The completed H chain genes were

transfected into the k-praducing cell line B
T17.2, as described previoushy, i
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FIGURE 2. PEG precipitation of '?5labeled CYYYEFEEY
by intact and Ringe-deleted antibodies. '#51-labeled peptide
CYYYEEEEY at 1 pg/ml was mixed with the antibodies at
increasing antibody concentration and then the mixtures
were precipitated in 7.5% PEG. The percentage of 121 cpm
precipitated is shown on the waxis. The data shown are the
averages of al least two separate experiments,

Results

Antibodies

The antibodies used in this study were raised agai
synthetic Ag (TyrGlu)-Ala-Lys and recognize the
and glutamic acid residues (16). Antibodies 10E
[2G1 chimeras with and without a hinge region
tively (Fig. 1). Antibodies 12E and A3 are IgG4\
with and without a hinge, respectively. We dete
cDNA sequencing that all four antibodies have:
regions, and there are no differences in the Gy
the expected sequences for IgG1 or IeGd except f
of the hinge regions in 2G and A3, All antibod]
same muring & L chains. Despite the lack of i
disulfide bonds, the hinge-deleted antibodies
H,L configuration through nencovalent bonds, The
maolecular masses of 2130 kD, as determined by g
clusion chromatography and PAGE, and mig
a sucrose density gradient (data not shown). Addi
all four antibodies used in this study precipitated
7.53% PEG (data not shown),

Binding of free peptide

We previously tested the binding of antibody 108 to:
of linear peptides consisting of tyrosine and glu
residues and found that it bound to the pepti
EEEEY. That peptide was prepared with a
terminal cysteine conjugated to BSA. The I:ﬁﬁ
CYYYEEEEY-BSA by 10B has been reported (13
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W28 peptides per BSA B.

100+

ua'ml antibedy

ibodies with the same V region o examine the
linge on Ag binding by 1gG1 and [gG4 an-
i binding of '**[-labeled CYYYEEEEY by the
nge-deleted antibodies was measured 10 solu-
he PEG assay. To calculate the equilibrium as-
nastant, the antibody concentration was held at
land the '“I-CYYYEEEEY concentration was
o measure directly the amount of peptide bound by
amount of antibody, we held the !2%]-
EEY concentration constant and increased the
concentration by degrees. In this latter assay, an-
B (intact T2G1) bound and precipitated CYYY-
ter than did antibody 2G (hinge-deleted Gl
ences diminished at high antibody concen-
2). Despite this apparent difference in relative
association constants of 10B and B11 for pep-
significantly different (1.00 % 10° M~" and
"M~ respectively). The 12G4 antibodies 17E

G4) and A3 (hinge deleted) precipitated the pep-
flj it the highest antibody concentration, but anti-
recipitated more peptide than did antibody 12E
ill, the association constants for the 1gG4 anti-
E and A3 were not significantly different from
from the [pG1 antibodies (2.61 % 10° M-
0* M~', respectively, for 12E and A3).

14 peptides per BSA C.

ugimi
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FEG precipitation of "**-CYYYEEEEY-BSA conjpgates. "*5I-labeled CYYYEEEEY-RSA at 3 piml (based on BSA

mixed wilth the antibedies and precipitated as in Figure 2. A, CYYYEEEEY-BSA at a peptide:BSA ratio of 28:1 was
th increasing amounts of the 1gG1 antibodies 108 fintact) and 26 (hinge deleted) or the 18G4 antihodies 12E

dA3 thinge deleted). 8, CYYYEEEEY-BSA at 14 peptides/BSA was precipitated, © CYYYEEEEY-RSA at 5 peplides/B5A
ated.,

Binding of peptide-BSA conjugates

The peptides were conjugated to BSA via the amino-
terminal eysteine by using a maleimide linker, at peptide to
BSA molar ratios of 28:1, 14:1, and 5:1. The conjugates
were iodinated with "**1 and used in the PEG assay with the
antibodies. Figure 3 shows the PEG precipitation of the
CYYYEEEEY-BSA conjugates by the antibodies. At high
epitope density of CYYYEEEEY-BSA, antibody 10B
bound slightly better than did antibody 26 (Fig. 3, 4 and
B). Ava ratio of 5 peptides/BS A, intact and hinge-deletad
IgG1 bound equally (Fig. 3C). At all CYYYEEEEY-BSA
ratios the IgG4 antibody A3 (hinge-deleted) bound more Ag
than did the intact IgG4 antibody 12E (Fig. 3).

The differences between intact and hinge-deleted anti-
bodies were parallel, but less marked, when the binding was
measured with a solid-phase ELISA, IgG1 antibodies 10B
and 2G bound roughly equivalently to immobilized
CYYYEEEEY-BSA at all peptide:BSA ratios, although
consistantly more 10B was bound than 20 (Fig. 4, A 10 ).
This was true for assays in which the secondary (detecting)
antibody was alkaline phosphatase-conjugated anti-x (Fig.
4.4 1o C) or alkaline phosphatase-conjugated anti-lg(Gl
(data not shown). The IgG4 antibodies differed slightly,
depending on the secondary antibody used in the ELISA.
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FIGURE 4. Binding of antibodies to CYYYEEEEY-BSA in an ELISA. Micratiter plales were coated with 1 pg/ml C‘r"f;'
(based on BSA content) at various peplide:BSA ratios. Antibodies were allowed to hind 1o the plates and were deje
alkaline phosphatase-canjugated anti-x or alkaline phosphatase-conjugated anti-lgG4. A to O binding of IzG1 antibe
and 20 to CYYYEEEEY-BSA with peptide:BSA ratios of 28:1,74:1, ¢

Do F, binding of 1564 antibodies 12F and A3, detected with

and A3, detected with anli-lpG4 second antibocdy,

The binding signal was lower with anti-« (Fig. 4, D w £,
compared with anti-1gG4 (Fig. 4, & 1o 1), as the detecting
antibody. However, with either secondary antibody more
AJ was bound than 12E.

C activation

The binding of Clq by antibody 10B bound (o
CYYYEEEEY-BSA in the C activation ELISA has been
described (14). We used the same assay to measure the Clg
binding of the matched sel of antibodies. Under conditions
where approximately ecqual amounts of antibody were
bound by the Ag, only the intact 1G] antibody activated
C and bound Clq (Fig. 54). C activation by antibody/
CYYYEEEEY-BSA was also measured in solution by us-
ing an immune hemolysis assay. Of the four antibodies
tested, only the intact [2G1 antibody activated © {Fig. 58),
Heat-aggregated IpG can activate C in the absence of spe-
cific Ag (19). Heat-aggregated 10B, but not heat-
aggregated 2G, activated C in the immune hemaolysis assay
(data not shown),

anti-x second antibody. G to /) binding of 13G4 ant

and 5:1, respectively, detected with anti-x s

Discussion

We used a matched set of chimeric mouse-humin

lzG4 antibodies to nvestigate the role of the [aG]
binding to Ag with epitopes at different densities,
studies have used matched sets of chimeric ami_'__ !
natural or substituted hinges to investigate antibod
tor function (1, 12, 20, 21, but this is the firstex
of the Ag binding characteristics of hinge-dele
ies. The hinge region controls segmental flexibili
antibedy (810} and so removal of the hinge ma
not affect the binding of antibodies 1o Ag, dependin
distance between epitopes. To investigate this hy
CYYYEEEEY-BSA conjugates with decreasing
SA molar ratios were used Lo identify potential
differences between intact and hinge-deleted
lgG4 antibodies, We found that removal of the lat
resulted in slightly lower relative binding affinily,
moval of the IgG4 hinge increased the relative a
respective of epitope density.
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5 C activation by intact and hinge-deleted antibodies. A, Clg-binding ELISA. 1201 and 15G4 anlibodies were
1o bind to immobilized CYYYEFEEY-BSA (28:1). Normal human serumn was then added as a source of C, and after
pihe Clg bound was detected with alkaline phosphatase-conjugated anti-C1g. fnset, the amount of antibody brorund was

red with alkaline phosphatase-conjugated anti-lgGl or

anti-lpG4. B, O activation by soluble immune complexes.
EY-BSA (28:1) was mixed with increasing amounts of antibody and tested for C aclivation in the immune hemaolysis

amount of C consumed by the immune complexes was measured as the percentage of inhibition of ysis of sensitized

binding affinity of antibody for Ag can be caleulated
v of methods. We have found that the eqguilibrium
on constant for a given antibody/peptide pair can
siderably depending on the assay used (C. Hogan
Pincus, manuscript in preparation). Solution-phase
s of antibody to radiolabeled peptide and separation
ys free peptide is the most widely accepted pro-
3y such an assay, we find no significant difference in
ibrium association constants of any of the four
g gssessed here, However, it is clear from Figures
that there exist differences in the amount of peptide
microgram of antibody at lower antibody con-
We describe these as differences in relative af-
previously showed that dilferences in relative
could be apparent in solid-phase but not solution-
ys (22). In this case, we abserve the differences
solution- and solid-phase assays. Assessment of
using peptides or haptens provides a measure-
intrinsic affinity, whereas assessment with multi-
i Ag provides a measurement of functional affinity.
we the same differences in relative affinity in assays
re binding to peptide or peptide-BSA. Thus, our
jon is independent of the valency of the Ag. i Both
and hinge-deleted antibodies are bivalent.)

The differences hetween the intael and hinge-deleted
12G1 antibodies (10B and 206, respectively) were not re-
markable. Slightly more Ag was precipitated by the intact
antibody 10B than by the hinge-deleted antibody 2G (Figs.
2 and 3). The percentage of Ag precipitated by a given
amount of either antibody decreased with fewer peptides
per BSA, and unconjugated peptide was precipitated less
well than peptide-BSA conjugates. Because 10B and 26
precipitated equally in 7.5% PEG, the decrease in percent-
age of precipitation of the '**1-Ag reflects smaller latticed
antibody-Ag complexes. Antibodies 10B and 26 bound 1m-
mobilized Ag equivalently in the ELISA, We conclude that
antibody 10B binds Ag with only slightly higher affiniry.
compared with antibody 2G. Under the conditions tested
the differences were small; therefore, the lack of the hinge
did not significantly affect Ag binding or Agfantibody sto-
ichiometry. Although the hinge-deleted 1gG1 antibody 2G
bound to the Az and formed immune complexes similarly
to antibody 10B, it did not activate C when either com-
plexed with Ag or heat aggregated. This is in agregment
with the results of others (8, 10-12). Therefore, the inability
of hinge-deleted antibodies to activate C is not simply the
result of the antibodies not forming immune complexes
with the appropriate stiochiometry or lattice.
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Surprisingly, an increase in binding was abserved for the
hinge-deleted 1gG4 antibody A3, compared with the intact
2G4 antibody 12E. Antibody A3 bound free peptide and
peptide-BSA conjugates better than did intact antibody 12E
in both the solution- and solid-phase assays. We noted some
differences in the [gG4 ELISA depending on the detecting
antibody. Anti-x and anti-IgG1 recognized the [2G1 anti-
bodies equally (13), but the anti-x bound the TeG4 ant-
bodies less well than did the anti-1gG4 second antibody.
This is probably because of the accessibility of the 2G4 L
chain to the detecting antibody. We performed the assay
with the anti-x antibody so that we could compare the IgG1
antibodies with the TgG4 antibodies by using the same see-
ondary antibody, Then, (o determine whether the differ-
ences noted between the TgG4d antibodies with and without
a hinge were only an artilact of the detecting antibody, we
performed the assay again with a different (anti-IgG4) sec-
ondary antibody, For this reason, we have shown the data
for both secondary untibodies. With cither secondary an-
tibody A3 bound better than 12E; thus, we believe that the
result is accurate. Furthermaore, the differences berween in-
tact and hinge-deleted [gG4 were exnetly the same when a
second peptide, CEYYEYEEY, and its BSA conjugates
were used as Ag (data not shown). Thus, the phenomenon
15 not restricted o a particular interaction belween the Ag
binding site and CYYYEEEEY, A V region mutation could
account for the discrepancy, bul that possibility was ruled
out with cDNA sequencing of |2E and A3 mRNA. These
results suggest that an [2G4 antibody lacking a hinge is
intermediate in Ag binding activity between lgG4 and
L2631, as measured by the immunoassays shown in Figures
2 to 4, Because the hinge of [2G4 15 short and relatively
inflexible (8, 10, 23), perhaps it influences the Ag hinding
activity and its removal allows a better fit of the Ag in the
Mg combining site. Phillips et al. (24) suggested that an-
tibodies undergo structural strains as the Fab arms close to
small angles. Also, V region differences can affect hinding
of antibodies 1o immobilized surfaces (133, suggesting that
structural comstraints on the antibody bound to an immo-
bilized surface could alfect the Ag binding. A similar mech-

anism may alfect [pG4 antibodies, even in solution, with a

structural constraint imposed by the hinge, However, even
thebinding of the free peptide was improved by the removal
of the [gG4 hinge (Fig, 1), Another explanation is that the
hinge region may influence the interaction of the H chain
with the L chain, which could affect the Ag combining site.

The lgG4 response may often give rise to low affinity
antibodies (25, 263, In this study, removal of the 124 hinge
resulted in consistently higher Ag binding (Figs, 2 to4). The
functions of 1gG4 antibodies that bind Ag paarly are not
fully understood, but our data suggest that the 1G4 hinge
may influence those functions,

The results from this and previous studies on these chi-
meric antibodies (13, 14) challenge some basic assump-
tions of Ig structure and function. We earlier showed that

AG BINDING BY HINGE-DELETED ANTIBOD

the V region differences affect C activation, g
thought to be a C region function. Here we show ff
region allerations influence Ag binding, These datas
that interactions between domains mav be involw

structural changes after Ag binding. Crystallograph
ies of these antibodies are in progress and may sh
light on the interactions of the antibodies with and
hinges when they bind peptide.
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