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Introduction

The interaction of antibodies (Abs) with protein antigens (Ags) of different
size, such as hen egg white lysozyme, ovalbumin, and bovine serum albu-
min, was examined using analytical ultracentrifugation, electrospray ioniza-
tion time-of-flight mass spectrometry, and surface plasmon resonance in
order to estimate regional and segmental Ab flexibility. When both Abs and
Ags were free in solution, sedimentation equilibrium and surface plasmon
resonance analyses showed the formation of an Ag,Ab; complexes regard-
less of Ag size, suggesting that the Fab arms were able to move to avoid
interference between Ags bound to Ab combining sites. The Ag,Ab; com-
plex, as well as the Ag;Ab; complex, was observed by MS. However, when
Abs were immobilized on the surface of a sensor chip through the Fc
region, the stoichiometry of the Ag—Ab complex was dependent on the Ag
size; Ag,Ab, forming with hen egg white lysozyme and Ag;Ab; with oval-
bumin and bovine serum albumin. These results indicated that immobiliza-
tion of the Fc region reduces the dynamic range of the Fab arms and results
in interference from the first Ag bound to either combining site, which in
turn prevents the binding of the second Ag to the other combining site. Our
results allow us to propose that the Fab arms of B-cell receptors whose
Fc regions are immobilized on cell surface have a reduced dynamic range.

two Fab arms of an Ab simultaneously interact with the
epitopes of an Ag. Such multivalent interaction between

Antibodies (Abs) exist in body fluid or on B cells as
antigen (Ag) receptors (BCRs). They are capable of
binding to a vast array of Ags of different shape and size
such as soluble proteins in solution or membrane pro-
teins on micro-organisms. It is well known that the
cooperative binding of Abs to multivalent Ags using
multiple combining sites, two for an IgG and 10 for an
IgM pentamer, enhances the apparent binding affinity,
which is termed avidity. The avidity is increased when

Abbreviations

Ag and Ab would depend on the distribution of epitopes
and the flexibility of the Fab arms. The IgG molecule
consists of two Fab arms and one Fc region, the latter
being responsible for the immunological effector func-
tion. It has long been debated whether the effector func-
tion of an Ab is induced by Ag binding [1].

Structural analyses by X-ray crystallography have
provided precise information on three-dimensional
structures of monoclonal antibodies (mAbs) at atomic

Ab, antibody; Ag, antigen; AUC, analytical ultracentrifugation; BCR, B-cell antigen receptor; BSA, bovine serum albumin; cryo-ET, cryo-
electron tomography; HEL, hen egg white lysozyme; K,, equilibrium association constant; k¢, dissociation rate constant; k,,, association
rate constant; mAb, monoclonal antibody; OVA, ovalbumin; RAMFc, rabbit anti-(mouse Fc) I1gG; RU, response unit; TOF, time-of-flight.
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resolution. The molecular structure of two intact
mAbs, IgG1l and IgG2a, were determined [2,3], and
showed that IgG1 has an angle of 115° between two
Fab arms so that it exhibits a ‘distorted Y shape’,
whereas IgGG2a has an angle of 172° and therefore
exhibits a ‘distorted T shape’. However, immunoelec-
tron microscopy showed that the Fab-Fab angle of
human IgG1l is 117 + 43° [4], and cryo-electron
tomography (cryo-ET) studies recently showed that the
positions of the Fab arms relative to the Fc region of
a monoclonal IgG2a differ greatly from one molecule
to another, and the Fab-Fab angle ranges between 88
and 141° [5,6]. These findings are quite different to
those obtained from the crystal structure of the same
subclass [2], and demonstrate the difficulty in interpre-
ting overall protein structures of flexible proteins using
X-ray crystallography alone, because the crystal struc-
ture obtained is mainly one of many possible ‘snap-
shots’ due to the wide spectrum of attainable
conformers present in solution.

The number of Ags capable of simultaneously binding
to an Ab, a property referred to as stoichiometry, varies
according to the Ag size and dynamic range of the two
Fab arms, and estimating the stoichiometry has proven
useful for understanding protein flexibility and function.
For this purpose, wide use has been made of sedimenta-
tion equilibrium analysis, a powerful application of
analytical ultracentrifugation (AUC) [7]. Recently, a
combination of electrospray ionization (ESI) and time-
of-flight (TOF) MS using a gentle desolvation technique
under controlled pressure has been applied to study
noncovalently associated protein complexes, such as
chaperon oligomers [8], protein—micelle complex [9], and
even whole ribosome [10]. Binding stoichiometry
between V Ag and its Ab was also investigated using
MS [11]. The extremely high resolution of MS has
enabled us to determine the exact stoichiometry of the
complex in the gas phase, which reflects their interaction
state in solution. Furthermore, we recently showed that
surface plasmon resonance (SPR) provided a convenient
means of determining the binding stoichiometry,
together with its general application in determination of
binding kinetics [12-14]. In these experiments, mouse
mAbs were captured through their Fc regions by a rab-
bit anti-(mouse Fc) IgG (RAMFc) that was chemically
attached to a sensor chip surface. This has an advantage
over immobilizing the mAbs directly, because the two
Fab arms would have freedom of movement.

In this study, we prepared mAbs against hen egg
white lysozyme (HEL, 14 kDa), ovalbumin (OVA,
45 kDa), and bovine serum albumin (BSA, 67 kDa),
and analyzed the binding stoichiometry and kinetics
in Ag-mAb interactions using AUC, MS, and SPR
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analyses. AUC and MS provide information about
interactions between Ag and mAb when both are free
in solution, whereas SPR is useful when either compo-
nent, Ag or mAb, is immobilized on the surface of a
sensor chip. We considered that the immobilized Ags
would act as a model of multivalent Ags on a micro-
organism membrane and the immobilized mAbs would
act as a model of BCRs. By comparing the results
obtained with these different methods, we are able to
analyze the effects of Fc immobilization on the flexibil-
ity of Fab arms considering our recent finding that the
binding of Ag to Ag-combining sites induced fine con-
formational changes in the constant domain, which
were expected to have a critical effect on intracellular
signaling via BCRs [15,16]. From this point of view,
we were interested in determining whether the restric-
tion of regional movement by anti-Fc IgG affects the
segmental flexibility of the two Fab arms within which
the Ag-combining sites are located.

Results

Interaction between free Ags and free mAbs
in solution observed by AUC

In order to analyze the binding stoichiometry between
OVA or BSA and monoclonal anti-OVA mAb (Ol1-1)
or monoclonal anti-BSA mAb (KM10), sedimentation
equilibrium analysis was carried out. At first, the
molecular masses of Ag and mAb in solution were esti-
mated separately. For each Ag and mAb solution, the
apparent molecular mass at different concentration
agreed with the value calculated from the amino acid
composition and had no protein concentration depend-
ency (data not shown), indicating that each protein
was a monomer and monodisperses under the experi-
mental conditions used.

Mixtures of Ag and mADb were then centrifuged and
the resulting equilibrium concentration gradients of
mixtures of Ag and mAb were subjected to nonlinear
least-squares fitting using a 1:1 or 2:1 (Ag/mAb)
interaction model. In the case of an interaction
between Ol-1 and OVA (Fig. 1A), residuals for the
2 : 1 model were distributed randomly, whereas those
for the 1 : 1 model were rather unevenly distributed at
all molar ratios used. Consistent with these results, x>
values for fitting with the 2 : 1 model were smaller
than those for the 1: 1 model. These results indicate
that the 2 :1 model was a better fit than the 1:1
model. Furthermore, at an Ag-to-mAb molar ratio of
3:1, the 2:1 model gave a better fit than the 1 : 1
model (Fig. 1A, right), showing that the 2 : 1 complex
is dominant in the presence of excess Ag.
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Fig. 1. Sedimentation equilibrium data obtained at 280 or 290 nm, best fit results, and the corresponding residuals using three different mod-
els(1:1,2:1,and 1:1 and 2 : 1 coexisting models) for the interactions between OVA or BSA and anti-OVA mAb or anti-BSA mAb. (A) A
solution of OVA and O1-1 anti-OVA mAb was mixed in an equimolar ratio (left) and in a 3 : 1 molar ratio (right). (B) A solution of BSA and
KM10 anti-BSA mAb was mixed in an equimolar ratio (left) and a 6 : 1 molar ratio (right). The line through the data represents the best fit

for the 2 : 1 association model.

1478

FEBS Journal 273 (2006) 1476-1487 © 2006 The Authors Journal compilation © 2006 FEBS



M. Oda et al.

Similarly, all sedimentation profiles of a mixed solu-
tion of BSA and KM10 under different molar ratios
were better fits with the 2 : 1 model than with the 1 : 1
model (Fig. 1B). In addition to the equal distributions
of residuals, x> values for the 2 : 1 model were smaller
than those for the 1 : 1 model, further supporting 2 : 1
binding stoichiometry between BSA and KM10. Fits of
sedimentation data using coexisting 1:1 and 2:1
models for different Ag concentrations in excess
of those of mAbs provided only slightly improved
residual patterns compared with those of the 2:1
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model (Fig. 1B). Our results indicate that the Ag,Ab;
complex is dominant, particularly when there is a
higher Ag to mAb ratio. The equilibrium association
constants (K,) obtained from the fitting were
3.4 x 10> M~' for O1-1 and 1.1 x 10* M~" for KM10.

Interaction between free Ags and free mAbs
in solution observed by MS

Figure 2A shows the mass spectrum of YOVA anti-
OVA mAb. Well-resolved peaks with different charge
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Fig. 2. MS of YOVA anti-OVA and mixed solutions of OVA and its mAbs, YOVA and O1-1. (A-C) MS of YOVA (A), of a mixed solution of
OVA and YOVA for an equimolar ratio (B), and for a 3 : 1 molar ratio (C). (D-F) MS of a mixed solution of OVA and O1-1 for an equimolar

ratio (D), a 3:

1 molar ratio (E) and a 6 : 1 molar ratio (F). Inserts show overall MS with m/zvalue of 3000-15 000. The peaks labeled m and

d represent monomer and dimer form of mAbs, respectively, and b, t, and dt represent Ag;Ab;, Ag,Ab,, and AgsAb, complexes, respect-
ively. The charge states are given in parentheses. The peaks labeled o represent unbound OVA.

FEBS Journal 273 (2006) 1476-1487 © 2006 The Authors Journal compilation © 2006 FEBS

1479



Segmental flexibility of antibodies

Table 1. Calculated and measured masses for OVA, monoclonal
anti-OVA mAbs, and their complexes.

Protein complex Measured mass (Da) Calculated mass (Da)

OVA 44 633 + 3

YOVA 149 233 + 45 unknown
OVA-YOVA 194 652 + 64 193,866

OVA,-YOVA 239 714 + 41 238,499

011 148 768 + 33 unknown
OVA-01-1 194 446 + 38 193,401

OVA,-01-1 237 997 + 56 238,034

states were observed. These patterns are in good agree-
ment with that of mAb 7.3, a mAb against V Ag,
observed previously [11]. The assignment of series of
charge states enabled the calculation of the mass
of mAbs, as reported in Table 1. A second series of
charge states for mAb dimers were also observed at
lower intensities.

The mass spectra recorded for a mixed solution of
mAb, YOVA, and its Ag, OVA, are shown in
Fig. 2B,C. At an equimolar ratio of OVA and YOVA,
additional series of peaks are observed in addition to
peaks of charge states from unbound YOVA with
weak intensities and unbound OVA. Assignment of
their m/z-values gave two series of peaks with average
charges of +26 and +29 and molecular masses in
close agreement with those for a complex formed
between one molecule of OVA and one molecule of
YOVA (AgAb; complex) and those for a complex
formed between two molecules of OVA and one mole-
cule of YOVA (Ag,Ab, complex). Increasing the OVA
concentration in excess of the YOVA concentration
resulted in the disappearance of unbound YOVA
peaks, and peaks for the Ag,Ab; complex became
prominent at a 3:1 excess of OVA to YOVA
(Fig. 2C). Mass spectrum at a 6 : 1 excess of OVA to
YOVA gave a similar spectrum to that at a 3 : 1 excess
of OVA to YOVA, where peaks for Ag;Ab; complex
were still observed with significant intensities (not
shown).

The mass spectrum of Ol-1 anti-OVA mAb was
similar to that for YOVA (not shown). The mass spec-
tra recorded for a solution of OVA and Ol-1, are
shown in Fig. 2 D-F. Similarly, an additional two ser-
ies of peaks for Ag;Ab; and Ag,Ab; complexes with
their average charges of +26 and +29, respectively,
are seen. Interestingly, peaks for unbound Ol1-1 are
still observed at a 6:1 excess of OVA to Ol-1,
although the MS condition for OVA and Ol-1 solu-
tion is same as that for OVA and YOVA solution.
These results suggest a lower affinity of O1-1 for OVA
than that of YOVA. Also, peaks of complex formed

M. Oda et al.

between four molecules of OVA and Ol-1 dimer
(Ag4Ab, complex) was also observed with low intensi-
ties as shown in Fig. 2F.

Interaction between immobilized Ags and free
mAbs observed by SPR

When the binding of free mAbs to immobilized Ags
on a CMS5 sensor chip was analyzed (Fig. 3), the bind-
ing stoichiometry could not be determined using this
procedure because of the difficulty of estimating the
number of epitopes on the chip available for the inter-
action. Therefore the apparent K, values were estima-
ted from the Scatchard plot or from the ratio of
apparent rate constants. As shown in Fig. 3E, Scat-
chard plots for the binding of OI-1 to immobilized
OVA were curved. This can be explained by the for-
mation of two types of complex; a divalent complex
formed from two Fab arms at lower mAb concentra-
tions and a monovalent complex using one Fab arm,
which appeared at higher mAb concentrations. At a
lower mAb concentration, the slope provided K, value
of 2.9 x 10" m~!, which was 85-fold higher than that
obtained from sedimentation equilibrium measure-
ments.

Binding of the other mAbs did not attain equilibrium
and could not be analyzed using Scatchard plots, espe-
cially at lower mAb concentrations (Fig. 3A,B,D). We
therefore analyzed association and dissociation kinet-
ics according the procedure recommended by Biacore
(Table 2). The validity of this method was confirmed
by analyzing Ol-1, which had a K, value obtained
using the kinetic method and that was in good agree-
ment with that obtained from Scatchard analysis at low
mAb concentrations. The Kon apps Kofr, app» and Ky app
values in Table 2 indicated that both monoclonal anti-
OVA and anti-BSA mAbs were able to bind to the
immobilized Ags with a higher K, value than to free
Ags, as determined using AUC, indicating that these
mAbs bound bivalently to OVA or BSA immobilized
on the sensor chip. It is well known that a bivalent Ag—
Ab interaction strengthens the association and provides
higher apparent K, value.

Interaction between free Ags and immobilized
mAbs observed by SPR

Binding of Ags, HEL, OVA, and BSA, was analyzed
using sensor chips on which the respective mAbs had
been immobilized through RAMFc. Typical sensor-
grams for the binding of the Ag to the immobilized
mAbs on the CMS5 chip are shown in Fig. 4A-E. In
the case of OVA and OIl-1, the interaction was
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Table 2. Kinetic parameters for interactions between mAbs and
immobilized Ags on the sensor chip, CM5.

mAb kon, app (M71'571) koff, app (571) Ka, app (Mq) @ Ka, Sca (Mq) b
HC1 7.8x10° 1.2%x10™% 65x10°

HC2 1.4x10° 58x107° 23x10"°

01-1 6.5x10° 21%x1072  3.1x10’ 2.9 %107
KM10 6.8 x 10° 12%x107° 56x10'°

@ Ka, app Was calculated from the two kinetic rate constants, K, app =
Kon, app” Koff, app- b Ka, sca Was determined using Scatchard analysis.

evaluated using Scatchard plot analysis (Fig. 4F),
because the reaction proceeded rapidly and attained
equilibrium within the measurement time. The plot
was linear with a K, value of 2.4 x 10° M~!, which
coincided with that obtained using AUC. However,
the RU,,,x value obtained from the abscissa intercept
was 0.9, indicating that Ag;Ab; was formed, even in
the presence of a large excess of OVA.

Because of the high affinity, RU,. values were
obtained directly from the sensorgrams in the case of

FEBS Journal 273 (2006) 1476-1487 © 2006 The Authors Journal compilation © 2006 FEBS

mAbs HCI, HC2, YOVA, and KM10, within an Ag
concentration of 400-12 800 nMm. Binding stoichiome-
tries for the respective Ag—mAb interactions, together
with the kinetic parameters for binding are summar-
ized in Table 3. The results clearly show that a an
anti-HEL mAb can bind two HEL molecules simulta-
neously, whereas anti-OVA or anti-BSA mAbs
can bind only a single molecule of OVA or BSA,
respectively.

The size-dependent behavior of protein Ags sugges-
ted that proteins larger than HEL, such as OVA or
BSA, prevented the simultaneous binding of two mole-
cules to the combining sites. This was obviously caused
by immobilization of mAbs to the sensor chip and
might have been due to the environment in which the
mAbs were immobilized. Therefore, we performed
SPR measurements using other types of chip such as
CM4 and Cl1. The standard chip, CM5, has a matrix
of carboxymethylated dextran covalently attached to a
gold surface, as does CM4, but with a lower degree of
carboxymethylation, whereas C1 is matrix free and
carboxymethylated directly to the gold surface, which

1481
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Fig. 4. SPR analysis of interactions between Ags and immobilized mAbs. (A-E) Sensorgrams for the interactions between HEL and HC1
anti-HEL mAb (A), between HEL and HC2 anti-HEL mAb (B), between OVA and O1-1 anti-OVA mAb (C), between OVA and YOVA anti-OVA
mAb (D), and between BSA and KM10 anti-BSA mAb (E). Measurements were made at a concentration range of 0.78-25 nm for HEL,
400-12 800 nm for OVA, and 25-1600 nm for BSA. Sensorgrams (solid black lines) were subjected to nonlinier fitting (dotted red line) to
estimate the ko, and ks values. The amounts of mAb immobilized by RAMFc Ab on the CM5 sensor chip were 650 RU of HC1, 650 RU

of HC2, 608 RU of O1-1, 490 RU of YOVA, and 243 RU of KM10,
anti-OVA mAb at a concentration of 400-12 800 nm.

Table 3. Binding stoichiometry and kinetic parameters for interac-
tions between Ags and immobilized mAbs on the sensor chip,
CMB.

MAD N2 kon (M) ko (5T Ko kin M) P Ky sca (M) ©
HC1 1.8 1.0x10° 3.1x107° 3.2x10'°

HC2 2.1 15x10° 27%107° 55x%x10'°

011 0.9 1.6x10* 77%x1072 2.1x10° 2.4 x10°
YOVA 1.0 3.9x10* 35x10™% 1.1 x 108

KM10 1.1 1.5x10° 45x10™ 33x 108

a Binding stoichiometry of Ag to mAb. ° Ka, kin Was calculated from
the two kinetic rate constants, Ky, kin = kon/Koft- ¢ Ka, sca Was deter-
mined by Scatchard analysis.

1482

respectively. (F) Scatchard plots for OVA binding to immobilized O1-1

is especially beneficial for analyzing interactions with
large molecules. As shown in Table 4, the binding stoi-
chiometries were similar to those obtained using the
CMS5 sensor chip, indicating that the difference in the
chip environment had little effect on Ag-Ab interac-
tions in terms of stoichiometry.

Discussion

In this study, we used the soluble proteins HEL, OVA,
and BSA as Ags. Based on the crystal structures of
HEL, OVA, and human serum albumin, their maxi-
mum diameters were calculated to be ~ 50, 75, and

FEBS Journal 273 (2006) 1476-1487 © 2006 The Authors Journal compilation © 2006 FEBS
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Table 4. Binding stoichiometry for interactions between Ags and
immobilized mAbs on the sensor chips, CM4 and C1.

mAb CM4 RUpp  RUmax?® n° C1RUx, RUmnax?® nP
HC1 680 103 1.6 243 44 1.9
HC2 555 103 19 262 50 2.0
01-1 590 180 1.0 305 83 0.9
YOVA 508 156 1.0 310 105 1.1
KM10 332 183 1.2 245 130 1.2

# RUmax Was obtained directly from the sensorgrams for the bind-
ing of HC1, HC2, YOVA, and KM10, and was determined by Scat-
chard analysis for O1-1. ® Binding stoichiometry of Ag to mAb.

90 A, respectively [17-19]. By analyzing the stoichio-
metries of Ag-mAbD interactions, we attempted to esti-
mate the capability of mAbs to accommodate Ags of
different size, which was expected to be related to the
molecular flexibility of the respective mAbs.

Ag—Ab interactions with monovalent Ags can be
described by model A in Fig. 5, in which two interme-
diates, A-II and A-III, are assumed to form, because
IgG possesses two combining sites per molecule. How-
ever, it is well established that the two combining sites
are identical (equivalent), with a special exception, for
example, asymmetric Ab as a result of steric hindrance
due to the presence in one of the combining sites of a
oligosaccharide attached to the Fv region [20], and
that the binding of Ags proceeds independently in the
case of small Ags such as haptens. Therefore, the
model can be simplified to model B in Fig. 5, in which
two intermediates are not discriminated between and a
single intermediate, B-II is assumed to form, which
then converts to the final product, B-III. However, it is
not certain whether model B holds true in the case of
protein Ags with a high molecular mass. The results
of sedimentation equilibrium analysis provided evi-
dence that the binding stoichiometry of Ag to anti-
OVA mAbD (O1-1) and to anti-BSA mAb (KM10) was
2 in the presence of excess Ags, indicating that model
B would apply to Ags such as OVA and BSA. Fur-
thermore, sedimentation equilibrium profiles in the
presence of excess Ags to mAbs were described by a
single K, value for both OVA and BSA. This indicates
that the two combining sites are equivalent and inde-
pendent of each other in solution. This conclusion is
supported by the results obtained from MS. Observa-
tion of Ag;Ab; complex, as well as Ag,Ab; complex,
in MS at a low excess of OVA over mAbs indicates
the high resolution of this technique.

Because of the molecular mass of HEL, two HEL
molecules were expected to bind to anti-HEL mAb. In
fact, the interaction between HEL and immobilized
anti-HEL mAb detected with SPR showed that two

Segmental flexibility of antibodies
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Fig. 5. Models for the binding of Ags to the respective mAbs. In
general, Ag-Ab interactions can be described by model A. When
Abs and Ags are free in solution, Ab (A-l) can bind two Ag mole-
cules via intermediates (A-lIl and A-Ill) and form an Ag,Ab; complex
(A-IV). Because the two combining sites are equivalent and inde-
pendent of each other, the interaction can be described by a more
simple form such as model B, assuming a single intermediate (B-II)
that is able to convert to Ag,Ab; complex (B-Ill). The apparent
association constants for the first process (K;) and for the second
process (Ky) are related as follows: K; = 4K,. When Ags are immo-
bilized, Ab (B-l) can form a bivalent complex (B-V) via an intermedi-
ate (B-IV). Because SPR cannot distinguish B-IV from B-V, the
observed association constant (Kypp) is defined as Kypp = K7 x K.
When Ab is immobilized on the sensor chip by RAMFc (B-VI), the
first Ag molecule can bind to one of the combining sites with Kj. In
the case of OVA or BSA, however, the second Ag molecule cannot
bind due to steric hindrance of the first bound Ag. Such hindrance
is not observed in the interaction between HEL and anti-HEL
mADbs.

HEL molecules bound to a anti-HEL mAb simulta-
neously, as described below. Based on the results of
the cryo-ET experiments in which one Fab arm of
IgG2a could open to a maximal 141° relative to the
other Fab arm [5,6], the distance between the two
combining sites was calculated to be ~ 130 A. When
the three components, two Fab arms and one Fc
region, can move freely in solution, an Ab molecule
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has the ability to bind to two protein Ags simulta-
neously. Therefore, Ab molecules possess sufficient
flexibility to accommodate protein Ags with a size of
50-90 A. This simultaneous binding with two Fab
arms was also observed in the interaction between free
mAbs and Ags immobilized on the sensor chips (Fig. 3
and Table 2). The Abs were able to cross-link two Ag
molecules on the chip (B-V in Fig. 5) and acquire high
avidity via this bivalent interaction.

The SPR measurements for the interaction between
OVA or BSA and the respective mAbs immobilized on
the chip through RAMFc showed that the Ags bound
to the mAbs at a ratio of 1:1 (B-VII). Because
the binding of HEL showed an Ag/mAb ratio of 2 : 1
(B-VIII), there was a clear difference between HEL
and OVA or BSA. This difference did not depend on
the magnitude of K, (Table 2). Therefore, Abs immo-
bilized to the chip via the Fc region were able to form
the intermediate B-VII with all protein Ags, but were
not capable of providing the final product, B-VIII, in
the case of OVA or BSA. Because two Ag molecules
can bind to a mAb molecule when they are free in
solution, it seems likely that the incomplete binding of
OVA or BSA seen in SPR measurements arises from
decreased movement of the Fab arms by immobiliza-
tion of mAbs.

Although the stoichiometry was altered by immobil-
ization of anti-OVA and anti-BSA mAbs, the K, val-
ues obtained by AUC and SPR were in accord with
each other. This showed that the binding of the first
Ag molecule proceeded without hindrance in SPR
experiments, suggesting that the reduction in stoichi-
ometry was not caused by bulk effects from the sensor
chip. Although we initially considered that the neigh-
boring mAbs might inhibit the binding of large protein
Ags, this is less likely because the SPR measurements
were carried out under conditions in which the RUyy
value was ~ 300 RU, which corresponded to a single
mAb molecule in an area of 83 000 A2 In addition,
substituting the CMS5 chip with a CM4 or C1 provided
little change in the stoichiometry. Therefore, we con-
cluded that the inability to form the trimolecular com-
plex, Ag,Ab;, was not due to steric hindrance by
neighboring mAbs or to a bulk effect from the chip
but rather to interference by the Ag which bound
first. This means that immobilization through the Fc
regions would result in restriction of movement and
reduction of the segmental flexibility of the Fab arms,
which would allow only HEL to form of an Ag,Ab;
complex and not OVA or BSA. Previously, we showed
that Ag binding to the combining sites in Fv domains
induced conformational changes around the binding
sites for staphylococcal protein A in the Cy2-Cy3
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domain [15,16]. Therefore, it is likely that not only
two Fab arms but also the Fc region would contribute
to the Ag binding. If the Fc region does not move
freely, the Fab arms cannot be fully functional.
Because Abs bound to FcR as well as BCR are immo-
bilized through the Fc regions, it is possible that the
dynamic range of their Fab arms is restricted under
these conditions, causing them to behave differently
in interactions with Ags compared with Abs free in
solution. A future study will clarify the relationship
between segmental flexibility and the Ag binding of
BCRs.

In this study, AUC, MS, and SPR were used to
characterize protein—protein interactions. Sedimenta-
tion equilibrium analysis, which is one of two represen-
tative methods of AUC, provides molecular mass
information and is based on the sedimentation proper-
ties. In the case of sedimentation equilibrium analysis,
the total concentration gradient profile in solution at
equilibrium is acquired, from which we can readily
estimate information on averaged molecular mass.
Stoichiometry and equilibrium constant between inter-
acting molecules are also obtained by nonlinear least-
squares fitting of the concentration gradient, although
the fitting analysis is dependent upon the choice of
model and the complexes present in solution have to
be assumed for the analysis. Meanwhile, MS using a
gentle desolvation technique and controlled pressure
conditions is able to provide a direct and precise meas-
ure of the molecular mass of noncovalently associated
protein complexes and hence the stoichiometry of
interacting partners. The method is independent of the
shape of the complex and provides an estimate of all
species present in solution. Although MS is performed
in the gas phase use of appropriate conditions ensures
that no dissociation of the complexes is occurring. The
two approaches are, therefore, entirely complimentary
and the good agreement found between the two meth-
odologies provides us with convincing conclusions for
our interaction analysis.

Experimental procedures

Ag and mAb preparation

HEL was purchased from Wako Pure Chemical Industries
(Osaka, Japan) and OVA and BSA were purchased from
Sigma (St. Louis, MO), and all of these were used without
further purification. Hybridomas producing anti-HEL
IgGls, HC1 and HC2, and anti-OVA IgGls, Ol-1 and
YOVA, were cultured in Iscove’s modified Dulbecco’s med-
ium containing 10% fetal bovine serum. The mAbs secreted
into the medium were purified using an Ag column and were
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then dialyzed against NaCl/P;. KM10, an anti-BSA IgGl,
was kindly provided by Kyowa Hakko Kogyo Co., Ltd
(Tokyo, Japan). RAMFc was purchased from Biacore.
Protein concentrations were determined at an 4 of 280 nm
using molar absorption coefficients of 3.85 x 10* M~ '-cm™
for HEL, 3.21 x 10* M™"em™ for OVA, 4.60 x 10* M~ "-cm™
for BSA, and 2.10 x 10° M~ 'cm™' for mAbs.

Analytical ultracentrifugation

All AUC experiments were carried out in NaCl/P; solu-
tion. Sedimentation equilibrium experiments were per-
formed with an XL-A or XL-I analytical ultracentrifuge
(Beckman-Coulter Inc., Fullerton, CA) at 20 °C using a
double-sector charcoal-filled epon centerpiece (1.2 cm) with
sapphire windows. The rotor (An-50Ti, Beckman-Coulter
Inc.) speeds used were 2880 g, 5130 ¢ and 11 530 g. Prior
to interaction experiments, apparent molecular masses,
M ,pp, of Ags and mAbs at different concentrations cover-
ing those used in the interaction experiments were estima-
ted. M,p, values of Ags and mAbs were obtained by
nonlinear least squares fitting of the data using the follow-
ing Eqn (1),

A(r) = Ao (o) exp[H(1 = vp)Mapp(r* = 15)] + B (1)

where

(@/2m)*

H=
2RT

v is the partial specific volume of the sample, p is the den-
sity of the solvent, R is the gas constant, T is temperature,
o is the rotor speed in r.p.s. units, A, is the absorbance at
a reference point, ro, Ar is the absorbance at a position
r cm from the rotor center and B is the baseline correction.
In this study, the v of each sample was calculated based on
its amino acid composition.

Regarding interaction analyses, concentrations of mAbs
were fixed at 1.65 or 3.3 uM, whereas those for Ags were
changed from 1.65 to 19.8 uM, which provided molar
ratios of Ags to mAbs of 1:2, 1:1, 3:1, and 6: 1.
Data were collected and the average of eight measure-
ments at each radial distance was calculated. Approach to
equilibrium was considered to be complete when replicate
scans separated by 6 h intervals were indistinguishable.
Nonlinear least square fitting using the 1:1 (Ag/mAb)
binding model (Eqn 2), or the 2:1 (Ag/mAb) binding
model (Eqn 3), were performed to determine stoichiometry
and K, [21,22],

A(r) = Ao ag(ro) exp[H(1 — Vagp)Mag(r* — 13)]
+ Ag,ab(ro) exp[H(1 — vapp)Map (r* — 1g)]
+ Ao, ag(r0)Ao,ab(10) eXP[(H(1 — vagp)Mag
+H(1 — vabp)Map)(1* — 13) + In[k]] + B (2)
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A1) = Ao ag(ro) exp[H(1 — vagp)Mag(r* — 17)]
+ Ao ab(r0) exp[H(1 — vabp)Map (r* — 1g)]
+ [A0.Ag(r0)]*Ag.ab (ro) exp[(H(1 — vagp)2Mag
+H(1 = vapp)Map) (i — 15) + In[K]] + B (3)

M, and M,y represent the molecular masses of each Ag
and mAb, respectively, and were obtained from Ag and
mAb measurements. Each k-value was converted to K,
based on Eqn (4) for the 1 : 1 model or Eqn (5) for the 2 : 1
model using the extinction coefficients of each component.

kc‘ZAbSA 1
a = £ (4)
€Ab T €Ag
kSAbSA 12

2 _ g
2 gap + 2€eg

()

€ab T2ea, Where €41, and ea, are molar absorption coeffi-
cients of mAb and Ag, respectively, and / is the path length
of the centerpiece. All nonlinear least squares fittings were
performed using MATHEMATICA 5.1 (Wolfram Research
Inc., Champaign, IL) employing the Levenberg-Marquart
algorithm.

Mass spectrometry

Concentrations of anti-OVA mAbs were fixed to 16 uMm for
YOVA and 7 um for Ol1-1, whereas those for Ag, OVA,
were changed to give different Ag/mAb molar ratios of
1:1,3:1, and 6 : 1. Sample solutions of Ag, mAbs, and
their complexes were prepared in NaCl/P;, followed by buf-
fer exchange to 150 mM ammonium acetate, pH 7.5,
through Bio-Spin 6 column before analysis.

All samples were analyzed by nanoflow electrospray
using capillaries prepared as described previously [23].
Two-microliter aliquots of sample were loaded into capil-
laries, and spectra were recorded on a modified Micro-
mass QTOF2 mass spectrometer (Waters, Manchester,
UK). This modified mass spectrometer consists of a nano-
flow electrospray interface, a low-frequency extended mass
range quadrupole, followed by a hexapole collision cell
and a TOF mass analyzer [24]. The capillary and cone
voltage were maintained at 1800 and 120 V, respectively.
Pressure conditions were maintained at 4 x 107> mbar in
the hexapole ion guide. All mass spectra were calibrated
against cesium iodide and analyzed using MASS LYNX soft-
ware (Waters).

SPR measurement

The Biacore biosensor system, Biacore 2000 (Biacore AB,
Uppsala, Sweden), was used to measure real-time Ag-mAb
interactions. Two types of measurements were made by
immobilizing either the Ags or mAbs. While protein Ags
were covalently linked to a CMS5 sensor chip for their
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immobilization, mAbs were captured through RAMFc
covalently linked to sensor chips, CM5, CM4, and Cl1, as
described previously [12]. In the latter case, becaue of the
different degree of carboxymethylation on the respective
sensor chip surfaces, the amounts of RAMFc covalently
coupled to the chips differed as follows: ~ 1500 RU for Cl1,
4500 RU for CM4, and 8000 RU for CM5. A solution of
mAbs (12.5-400 nm) in NaCl/P; containing 0.005%
Tween 20 was then applied to the RAMFc chip at a rate of
20 puL'min~" over a course of 30 s, which resulted in the
capture of 200-1000 RU. In order to evaluate Ag-mAb
interactions, mAbs or Ags were diluted to various concen-
trations in NaCl/P; containing 0.005% Tween 20 and
applied over sensor chips coupled with immobilized Ags or
mADbs, at a rate of 20 pL'min~! for 3 or 8 min. The Ag and
RAMFc chips were regenerated with one and three 15 pL
injections of 10 mMm glycine buffer (pH 1.8), respectively.
All experiments were performed at 25 °C.

The sensorgrams for Ag-mAb interactions were then
examined by first adjusting for background changes
reflected by the bulk refractive indices which were
obtained from sensorgrams of interactions between Ags
and negative control mAbs immobilized on the RAMFc
chips, or between mAbs and the negative control protein
Ags. The binding stoichiometry (1) was determined using
Eqn (6), assuming the molecular mass of the mAb to be
150 kDa.

RUm'le
RUpp

1.5 x 10°

n(Ag/mAb) = MW
g

(6)

where RU,,,,, is the total surface binding capacity, RU,y is
the amount of mAb immobilized through RAMFc on the
sensor chip, and MW,, is the molecular mass of the Ag.
RU,,.x could be determined by the sensorgrams directly, or
by Scatchard analysis using Eqn (7).

RU,y/C = Ky X RUpay — Ky X RUgq 7)

where C is the free analyte concentration, K, is the associ-
ation constant, and RU,,,, is the steady-state response.
Kinetic data were analyzed using BIAEVALUATION 3.2 soft-
ware, which was supplied with the Biacore system. In this
program, a global fitting method was used to determine the
association and dissociation rate constants, k., and kq,
using a model of 1 : 1 Langmuir binding to an immobilized
mADb.

Ka‘ kin = kon/koff (8)
In the case of immobilized Ags, the apparent rate constants
for association (kon, app) and dissociation (kofr, app) Were

estimated. The apparent K, value (K, .pp) Was defined by
Eqn (9).

Ka. app — kon. app/koff, app (9)
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