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The interactions between adenylate kinase (AK) and a monoclonal antibody against AK
(McAb3D3) were examined by means of optical biosensor technology, and the sen-
sograms were fitted to four models using numerical integration algorithms. The interac-
tion of a solution of McAb3D3 with immobilized AK follows a double exponential func-
tion and the data fitted well to an inhomogeneous ligand model. The interaction of a
solution AK with immobilized McAb3D3 follows a single exponential function and the
data fitted well to a pseudo-first order reaction model. The true association constants of
AK binding to McAb3D3 in solution were obtained from competition BIAcore measure-
ments. The difference in results obtained with solid-phase BIAcore and competition
BIAcore may be due to rebinding of the dissociated analyte to the immobilized surface.
The results obtained with BIAcore are compared to those obtained by ELISA methods.
We suggest that the best method for analysis of BlAcore data is direct, global fitting of
sensorgrams to numerical integration algorithms corresponding to the different possi-
ble models for binding.
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Adenylate kinase is an important enzyme in energy metab-
olism which catalyzes the reversible phosphoryl transfer
between ATP and AMP. The rabbit muscle cytosolic enzyme
comprises 194 amino acids in a single peptide chain (I). It
has become a model protein for the study of the mecha-
nisms and characteristics of kinase catalysis and folding
(2-9). To study the conformational changes involved in the
folding process, monoclonal antibodies have been raised
against this protein and some aspects of their association
with AK have been investigated (10). McAb3D3 is an IgG,
subclass monoclonal antibody with a total molecular weight
of 151.2 kDa, a heavy chain molecular weight of 51.6 kDa
and a light chain molecular weight of 24.0 kDa (11). In
order to characterize these protein—protein interactions
quantitatively, the interaction between AK and McAb3D3
was studied by means of optical biosensor technology.
Surface plasmon resonance (SPR) detectors, such as the
BIAcore (Amersham-Pharmacia), allow the direct visual-
ization of these macromolecular interactions in real-time,
and thus provide kinetic information in addition to the
equilibrium binding constants. A further advantage of the
method is the lack of requirement for labeling either the
antigen or antibody, a process that may alter the affinity of
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the labeled species. The BlAcore method usually assumes
that the interaction between soluble analytes and immobi-
lized ligands can be described by pseudo-first-order kinetics
in situations where constancy of the analyte concentration
is maintained as the result of continual replenishment
through the flow of the analyte solution across the sensor
surface. However, quantitative kinetic analysis is often pro-
blematic and in most studies the data do not follow the
expected ideal binding progress curve for a pseudo-first-
order reaction (12). These deviations may be attributed to
limitation of the mass transport from the bulk solution to
the sensor surface or inhomogeneity of the binding sites
(13). Inhomogeneous binding sites could be present intrin-
sically or produced extrinsically during immobilization.
Since the chemical immobilization process may result in
ligand binding with different affinities, a good test of this is
whether or not the rate and equilibrium constants obtained
by the solid phase BIAcore method correctly describe the
interaction between an antibody and an antigen in solu-
tion.

In this study, we investigate the antigen-antibody inter-
action using the solid phase BIAcore method under condi-
tions where AK and McAb3D3 are alternately used as the
surface-coupled ligand. Systematic analysis of the BIAcore
binding data by means of global fitting of numerical inte-
gration algorithms to the four possible models was first per-
formed, and the rate and equilibrium binding constants
were taken from the model which best fitted the data. The
competition BIAcore experiments were performed under
conditions where AK was used as the surface-coupled
ligand to determine the rate and equilibrium binding con-
stants in solution. The results obtained by these methods
are compared to those obtained by ELISA methods.
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MATERIALS AND METHODS

Instrumentation and Reagents—The BlAcore 1000 sys-
tem, BlAevalution 3.0 software and reagents, including
CMS5 sensor chips, surfactant P20, and HBS buffer (10 mM
Hepes with 0.15 M NaCl, 3.4 mM EDTA, and 0.05% surfac-
tant P20, pH 7.4), and the amine coupling kit containing N-
hydroxysuccinimide (NHS), N-ethyl-N"<(3-diethylaminopro-
pyD-carbodimide (EDC), and ethanolamine hydrochloride
were provided by the Beijing Amersham-Pharmacia Bio-
technology Centre.

Antigen and Antibody—Adenylate kinase was prepared
from rabbit muscle and purified by the method described
previously (7). The concentration of the purified AK was
determined from the absorbance at 280 nm (g, = 0.52;
MW 21,400 Da). The monoclonal antibody, InK’tlchb3D3,
which was of the IgG subclass and raised against rabbit
muscle adenylate kinase, was prepared as described previ-
ously (11). The concentration of McAb3D3 was determined
from the absorbance at 280 nm (g, = 1.4, MW 151,200
Da). Other reagents were local products of analytical grade.

Immobilization of Ligands on the Sensor Surfaces—
Immobilization of AK or McAb3D3 was performed as fol-
lows: (i) Equal volumes of NHS (50 wl, 0.06 M in water)
and EDC (50 ul, 0.2 M in water) were first mixed, and then
70 pl of the resulting solution was pumped across the chip
to activate the carboxymethylated dextran surface. (il) 70
wl of ligand (75 pg/ml AK in 10 mM glycine, pH 6.0, or 134
pg/ml McAb3D3 in 10 mM glycine, pH 3.4) was then in-
jected across the activated surface. (iii) Residual NHS-
esters on the sensor chip surface were then inactivated
with ethanolamine (50 pl;1 M in water, pH 8.5). The immo-
bilization was performed with a continuous flow of HBS at
10 pV/min. [

Two surfaces were used in this experiment. For the first,
AK was coupled to the dextran-matrix via standard amine
coupling chemistry using the amine coupling kit. The sur-
face densities of AK obtained were 39 fmol/mm?2. For the
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Fig. 1. Time courses of the association and dissociation for
McAb3D3 binding to immobilized AK. AK was coupled at pH 6.0
and the surface density was 39 fmol/mm?. From the bottom upwards,
the McAb3D3 concentrations were 4.62 x 107, 9.23 x 107, 1.85 x
107¢, 3.69 x 1075, 7.39 x 10, 1.48 x 10, and 2.95 x 10° M, respec-
tively.
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second surface, McAb3D3 was coupled to the dextran
matrix using standard amine-coupling chemistry. The sur-
face densities of McAb3D3 obtained were 12 fmol/mm?.

Binding Assays and Data Analysis—When the immobi-
lized AK surface was used, 200 pl of McAb3D3 at various
concentrations in HBS was injected at the flow rate of 40
pl/min. When the immobilized McAb3D3 surface was used,
40 pl of AK at various concentrations in HBS was injected
at the flow rate of 20 ul/min. The dissociation process was
initiated by injecting HBS only at the same flow rate as for
sample injection for a further 300 s. The surface was regen-
erated by injecting 60 pl of 10 mM glycine (pH 2.0) between
analyte injections. Sensors with immobilized AK and
McAb3D3 appear to be able to withstand more than 100
regeneration cycles with no apparent loss of binding activ-
ity. Competition studies involving co-incubation of Mc-
Ab3D3 with AK at a series of concentrations for 2 h at 37°C
prior to injection were carried out. The experiments were
performed at 19°C. Data were analyzed directly using nu-
merical integration algorithms and the BlAevaluation 3.0
software (14).

RESULTS

Binding of McAb3D3 to Immobilized AK—Rabbit muscle
AK was immobilized directly onto the sensor surface
through covalent coupling of primary amine groups of AK
to carboxyl groups on the dextran matrix, surface densities
of 39 fmol/mm? being obtained. To determine the binding
rate constants, seven different concentrations of McAb3D3,
between 4.62 x 1077 and 2.95 x 105 M, were used. The time
courses of the binding and dissociation phases are shown in
Fig. 1. The association between McAb3D3 and the immobi-
lized AK was observed by following the increase in the

TABLE 1. Differential rate equations of various reaction
models.

Pseudo-first-order reaction model
d(Bl/dt = -k, (A]-[Bl-,(AB])
d[ABl/dt = (&, (A]-[B]-, [AB])
R = [ABW+RI ,
Mass transport limitation model
d{A,_Vdt = kA, l-A, )k, (A, ] [Blk;AB])
d[Bl/dt = —(k,- (A, - [Bl-k4[AB])
d[ABV/dt = (k, (A, ] [Bl-k,[AB])
R = |ABI+RI
Inhomogeneous ligand model
d(BYdt = ~(k,,-|A]-|Bl-k4,-[AB])
diBVdt = <k |Al Bk [ABT)
dIABV/dt = (k,,-|A)-IB]-*,,-|AB])
dIAB)dt = (k4 (A]-[Bl-ky[ABT)
R = [ABl+|AB’1+RI
Inhomogeneous analyte model
diBY/dt = «(k,,-|A}-MW-[Bl-k,,-IAB])YMW—(2-k ,-{A,] MW
‘[Bl-ky [A,BIV(2-MW) -
d[ABVdt = (k,,; |A}-MW-[B]-,,-[AB])
dlABldt = (2-k 4 1A,)-MW-[B]-£ - |A,B))
R = [AB|+[A,B]+RI
In these equations, A and B represent the analyte and surface-cou-
pled ligand, respectively. R represents the instrument response
and RI represents the response from the bulk refractive index
effect. MW represents the molecular weight of the analyte
(McADb3D3), which is 151.2 kDa. AB, AB’, and A;B, which denote
the molecular complexes formed during the reaction, are expressed
in response terms. Thus, differential rate equations directly de-
scribe the binding curves obtained with the BIAcore sensor.
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response values. The higher the McAb3D3 concentration,
the larger the response values. When the sample injection
ended at 380 s, the dissociation of the complexes present on
the sensor surface was followed by a decrease in the re-
sponse values. The resulting sensorgrams were fitted by
global fitting to the four models: pseudo-first-order reaction,
mass transport limitation, inhomogeneous ligands and
inhomogeneous analytes, as described in Table 1. Fitting of
the data to the pseudo-first-order reaction mechanism and
the mass transport limitation model gave similarly high x?
values (148 and 154, respectively; lines 1 and 2 of Table II).
This indicates that neither of these models describes the
binding of McAb3D3 to immobilized AK. The x? value for
fitting to the inhomogeneous analyte model is significantly
lower (x® = 24.1, line 4 of Table II). However, the best fit of
the data is clearly with the inhomogeneous ligand model
(x* = 2.93, line 3 of Table II). The two distinct binding
phases could be the result of two classes of immobilized AK
on the chip surface with different binding affinities for
McAb3D3. For the major class of immobilized AK, the mag-
nitude of the equilibrium response (R_,,,) is >75% of the
total equilibrium response. The binding of the minor class
of immobilized AK to McAb3D3 is apparently stronger than
that of the major component.

Binding of AK to Immobilized McAb3D3—To determine
whether the inhomogeneity of immobilized AK is present
intrinsically or produced extrinsically during immobiliza-
tion, the kinetics of binding of AK to immobilized McAb3D3
were examined. Six different concentrations of AK, between
2.12 x 108 and 6.78 x 10° M, were used to determine the
rate constants. The time courses of the binding and dissoci-
ation phases are shown in Fig. 2. As the AK concentration
increases, the response value increases. Because the molec-
ular weight of AK is less than one-seventh of that of Mec-
Ab3D3, the response values in Fig. 2 are lower than those
in Fig. 1. When the sample injection ended at 200 s, the dis-
sociation of the complexes present on the sensor surface
was followed. The resulting sensorgrams were fitted by glo-
bal fitting to the four models mentioned above. In this case
the data fitted well to the simplest model, which is the
pseudo-first-order reaction model (x* = 2.74, Table III). This
indicates that under experimental conditions with Mc-
Ab3D3 as the surface-coupled ligand, both ligands and ana-
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lytes were homogeneous. This suggests that the inhomoge-
neity of immobilized AK may be a result of immobilization.
Comparing the results obtained in these two experi»
ments, we can clearly see that the equilibrium constant (K-
= 6.82 x 10° M) of AK binding to immobilized McAb3D3 is
similar to that for the major class of McAb3D3 binding to
immobilized AK (line 3 of Table II). This indicates that
most of the immobilized AK shows the same binding affin-
ity to McAb3D3 as when it is in solution, and that only a
small population of immobilized AK has an altered affinity.
Binding of Free Antibodies Equilibrated in an AK-Mc-
Ab3D3 Mixture with Immobilized AK—To determine the
affinity constant of AK binding to McAb3D3 in $olution, the
AK at various concentrations was first incubated in solu-
tion with McAb3D3 at a constant concentration until equi-
librium was reached. After pre-incubation, the equilibrium
mixture was injected onto the immobilized AK: surface and
the binding of free antibodies in this mixture to immobi-
lized AK was analyzed. Since the BIAcore instrument uses
a flow cell (60 nl volume), and the time of contact between
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Fig. 2. Time courses of the association and dissociation for
AK binding to immobilized McAb3D3. McAb3D3 was coupled at
pH 3.4 and the surface density was 12 fmol/mm?®. From the bottom

upwards, the AK concentrations were 2.12 x 107%, 4.23 x 107, 8.47 x
10, 1.69 x 10, 3.39 x 10~ and 6.78 x 10 M, respectively.

TABLE II. The rate constants and equilibrium constant of McAb3D3 binding to immobilized AK.

R_,(RU) k,(M's" kg, (&) K,(M")  R_L(RU) k,(M's")  kg(s) K (MY k() KM x
A 334 489x 102 131x104 3.72x10° — — — — — — 148
B 332 5.08x 10 147x 10+ 3.46 x 10° - — - - 6.29 x 10? — 154
C 303 221x10° 3.06x10* 7.21x 10° 95.4 206x10°  <10°  >10" - - 2.93
D 263 147x10° 116x10* 1.26x 107 — 262x 102 <108 >101 — 6.89 x 10° 24.1

Curve fitting was performed according to various models: pseudo-first-order reaction (A), mass transport limitation (B), inhomogeneous
ligand (C), and inhomogeneous analyte (D). Data were taken from Fig. 1.

TABLE III. The rate constants and equilibrium constant of AK binding to immobilized McAb3D3.

R, (RU) k, (M5 k() K,(M")  R_,(RU) ko(M1sh) ke () K, (M) k() KM @
A 638 536x10° 7.86x10* 6.82x10° — — - — — — 2.74
B 636  563x10° 804x10~* 7.00x 10° — - - — 496x10° — 2.73
C 632  506x 102 822x10°¢ 6.15x 10° 1.37 199x 10  1.07x10° 1.87x 10" — — 2.55
D 638  537x10° 7.85x 10 6.84 x 10° — 6.45x 10° 192x10° 3.36x 10° — 66.1 272

Curve fitting was performed according to various models: pseudo-first-order reaction (A), mass transport limitation (B), inhomogeneous
ligand (C), and inhomogeneous analyte (D). Data were taken from Fig. 2.
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the complex and the chip surface is less than 0.09 s at the
flow rate of 40 pl/min, negligible dissociation of the complex
occurs during the contact time. Therefore, the equilibrium
is not displaced when the antibody is captured from solu-
tion on the surface. Thus, the processes of binding of free
antibodies to immobilized AK will follow the inhomoge-
neous ligands mechanism, as shown in Table II. For an
antibody in the equilibrium mixture with two binding sites,
immobilized AK can capture either an unliganded or singly
liganded antibody from solution. In this case four binding
reactions can be described as follows:
ke A
A+Bg, <> AB,,,, A+B,, <~ AB,,
ky k,

AByy + By o ABpnBat, ABpy + Bon o ABpuBou
where A represents McAb3D3. AK pre-incubated with
McAb3D3 in solution is denoted as By, and the two
classes of immobilized AK are denoted by B,,, and B, ,,
respectively. AB,,, AB,,, AB,,.B,,, and AB,,,B,, repre-
sent the various associated complexes. The differential rate
equations were derived according to the reaction mecha-
nisms described above and are presented in Table IV.

It is assumed that the binding of an antigen molecule to
an antibody is independent of the status, bound or free, of
the antibody molecule. So in the equilibrated AK-McAb3D3
mixture, the following equilibria exist (Eq. 1)

A+ By == AB,y, AB,y + By — AB,.)y
k= JABw] - [ABun) o
e [A]‘[Bbunx] [A-Bbulk][Bbqu] ’

where K, , represents the affinity constant in solution. If fis
defined as the fraction of bound sites, f can be interpreted

TABLE IV. Differential rate equations of competition reac-
tion models.

dlB,, Vdt = (k- [A1- MW (B, .\, [AB . VMW~ (k5 [AB, ]
sz’wmnl‘ka'meuﬂerllyMwa
d[B, Vdt = (k4 |A] MW (B, 1k [AB, I VMW — (k- [AB, ,]-
MW, (B, Iy, [AB\o B, . VMW,

dIAB, . /dt = (k,-lAl MW,- (B, ]-k,-AB,])

d[AB, dt = (k4 [Al'MW - (B, ,]-k:(AB,,])

AlAB, B, Vi = (kyy [ABy |- MW (B, 1k [AB B, ])

dlAB, B, Vdt = (k, [AB, ) MWy (B, 1~k [AB, 1B, ,))

R = AB,_ 1+IAB, ,]+|AB, ; B, +IAB, B ,J+RI
In these equations, A represents McAb3D3 as the analyte and B, ;,
represents AK pre-incubated with McAb3D3 in solution; the two
classes of immobilized AK are denoted by B, ,, and B,_, respec-
tively; R represents the instrument response and R/ represents the
response from the bulk refractive index effect. MW, represents the
molecular weight of the analyte (McAb3D3), which is 151.2 kDa.
MW, represents the molecular weight of singly liganded complexes
(AK-McAb3D3), which is 172.6 kDa. The concentrations of various
complexes formed during the reaction are expressed in response
terms. Thus, differential rate equations directly describe the bind-
ing curves obtained with the BIAcore sensor

dJ. Luo et al.

as the probability that a randomly selected binding site is
bound. So a doubly liganded antibody occurs at frequency
f?. Accordingly, in the equilibrated mixture, the equili-
brated concentrations of various components are:

[ABL).) = AL,
AB,,] =2 fO-PA,,
(A] =(1+PA,,

(B] =B,-2 fA,,

The total antibody and antigen concentrations are denoted
by A, and B,,, respectively. Substituting the equations
above into Eq. 1, we obtain:

4'Ku'Am'f2 - (4'Ka,.'Awt + 2'Ka,-'Bwt +1-f+ 2'Ku'Bw¢= 0
(2)

With Eq. 2, the relationship between K, , and f is given by:
F=(4K Ay + 2K Batl
~J& Ky A+ 2K, B +17-32K A )/
8K.s A 3)

Hence the relationships between the concentrations of vari-
ous components in the equilibrated mixture and K, , can be
obtained. Thus, K,, values can be directly fitted using
numerical integration algorithms for the differential equa-
tions in Table IV.

To determine the affinity constant for binding of AK to
McAb3D3 in solution, six different concentrations of AK,
between 2.63 x 10~ and 1.05 x 10* M, were mixed with the
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Fig. 3. Time courses of the association and dissociation for
the AK-McAb3D3 equilibrated mixture binding to immobi-
lized AK. The surface density of AK was the same as in Fig. 1. In
the equilibrated mixture, the McAb3D3 concentration was 8.86 x
10-® M. For curves 1 to 7, the AK concentrations were 0, 2.63 x 1075,
3.94 x10%,5.26 x 108, 7.89 x 10, 9.20 x 10, and 1.05 x 10+ M, re-

spectively.

TABLE V. The rate constants and equilibrium constant of AK binding to free McAb3D3 equilibrated with the AK-McAb3D3

mixture,
R..., (RU) k,, (Mtg!) ky, (571 K,, M) ko, (M5 ke (571 K, MM K,, (M)
3.63 x 10° 1.53 x 10? 1.02 x 10 1.50 x 10° 2.23 x 102 2.61 x 10 0.85 x 108 1.10 x 10*
R, (RD) k, (M1s) kg (871) K, M) k,, (M1s) ky, (87) K, (M™) X
550 2.94 x 10° 1.00 x 10* 2.94 x 102 2.09 x 10? 1.00 x 107 2.09 x 102 75.9

Curve fitting was performed according to the models in Table IV. Data were taken from Fig. 3.
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antibody at a constant concentration (8.86 x 10 M) and
allowed to reach equilibrium. The resulting sensorgrams
are shown in Fig. 3. Following the increase in the AK con-
centration in the equilibrated mixture, the response value
increases and then decreases. This is due to changes in the
concentration of singly liganded McAb3D3. The dissociation
of the complexes present on the sensor surface was followed
after 380 s by injecting the buffer solution. The resulting
sensorgrams were fitted by global fitting to the models
mentioned above (Table IV). The fitted parameter values
obtained are shown in Table V. The equilibrium constants
and kinetic constants of free McAb3D3 as to immobilized
AK agree well with those obtained in the above experiment
(line 3 of Table II). Moreover, the association constants (K,
and K,,) of unliganded McAb3D3 binding to the two classes
of immobilized AK are very similar to the association con-
stants (K, and K,,) of singly liganded McAb3D3. This
therefore confirms that it is a reasonable assumption that
the binding of an antigen molecule to an antibody is inde-
pendent of the status, bound or free, of the antibody mole-
cule.

The affinity constant (K, ,) of AK-McAb3D3 in solution is
1.10 x 10* M}, which is significantly lower than the affinity
constant for binding of McAb3D3 to immobilized AK or AK
to immobilized McAb3D3 (K, = 7.21 x 10° M! or 6.82 x 10°
M-1). This indicates that the affinities determined by sur-
face measurements do not reflect the true binding affinities
in solution.

DISCUSSION

The Second Binding Phase for Binding of McAb3D3 to
Immobilized AK May Be the Result of Ligand Site Inhomo-
geneity and Formation of Bridging Complexes—The sensor-
grams of the interactions of AK with immobilized Mc-
Ab3D3 fit well to a pseudo-first-order reaction model. This
indicates that when AK is the analyte, it appears homoge-
neous. However, under conditions where AK is the surface-
coupled ligand, the immobilized AK appears inhomoge-
neous. This inhomogeneity seems to be extringic. There are
several possible causes of this inhomogeneity of immobi-
lized AK. One possibility is that the chemical immobiliza-
tion process results in ligands with different affinities (15,
16). The major class of immobilized AK shows the same
kinetic properties as free AK (line 3 of Table II and line 1 of
Table III), so chemical immobilization has no detectable
effect on the binding properties of this class of immobilized
AK as to McAb3D3. The minor class of immobilized AK
may be influenced by the chemical immobilization process,
resulting in entirely different kinetic properties.

Steric hindrance of the dextran-immobilized ligands
could be a source of their inhomogeneity. The random
nature of attachment through covalent coupling could give
rise to an array of positions of the analyte-binding region
relative to the point of attachment. The random distribu-
tion of ligand molecules along the length of the anchoring
polysaccharide chain is likely to give rise to a range of affin-
ities, depending on the depth from the carboxydextran mi-
crogel surface, and hence the accessibility of the ligand to
the analyte. In this case the extent of deviation from
pseudo-first-order kinetics should increase with increasing
analyte concentration or surface ligand density (15)—as the
surface ligand density increases, so the number of ligand
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molecules attached to sites deep within the gel will in-
crease, giving a corresponding increase in the proportion of
low affinity sites. The low-affinity sites will be increasingly
occupied as the analyte concentration increases, and so
more kinetic phases will be observed. However, in our ex-
periments, only two classes of immobilized AK were ob-
served, irrespective of the analyte concentration or ligand
surface density. This suggests that the inhomogeneity of
immobilized AK did not result from steric hindrance in
these experiments.

Conformational changes due to the chemical coupling
process are also a possible source of inhomogeneity of
immobilized AK. The chemical coupling process could cause
conformational changes in the region of AK that is prefer-
entially recognized by McAb3D3. Our previous studies
showed that McAb3D3 recognizes a partially denatured
conformation of AK rather than the native form (11). Such
a conformational change could result in a population of
immobilised AK with increased affinity for the antibody.
This is consistent with the finding that the low-affinity
class of immobilized AK has the same affinity constant as
AKX free in solution. The changes in the kinetic properties of
AK due to chemical immobilization appear not to be due to
inaccessibility of the binding site, but may be caused by
conformational changes of AK itself.

Another possible source of inhomogeneity is the non-uni-
form distribution of immobilized AK. As antibody Mec-
Ab3D3 is bivalent, one McAb3D3 molecule can form a
bridging complex by binding to two immobilized AK mole-
cules, provided binding occurs in a high surface density
region. If a McAb3D3 molecule forms a bivalent bridge, the
dissociation rate will be significantly decreased and so the
apparent affinity for the chip surface will be far higher
than for monovalent binding. Thus, the proportion of the
high-affinity binding class of immobilized AK will increase
with increasing surface density. This is consistent with our
results. When the antibody is the coupled ligand, the AK in
the flow phase is monovalent, so the binding of two AK
molecules to one McAb3D3 is indistinguishable from that
of two AK molecules to two individual McAb3D3 molecules,
and so both AK and McAb3D3 appear homogeneous.
Hence, another possible explanation for the minor class of
immobilized AK is bridging binding by McAb3D3 mole-
cules. It is of course entirely possible that ligand site inho-
mogeneity and formation of bridging complexes are both
present under our experimental conditions.

The Real Constants of Antigen-Antibody Interactions in
Solution Can Be Obtained from Competition BLAcore Mea-
surements—The competition BIAcore method was first
described by Nieba et al. (17). In Nieba’s experiments the
antigens were small organic molecules or peptides, and the
mass of the antigen was too small to be detected by the
chip surface. So, in their experiments, the response values
resulting from the binding of unliganded and singly
liganded antibodies to the chip surface were about the
same. Therefore the on-rate is simply proportional to the
concentration of all other antibody species except that of
the doubly liganded antibodies. However, for macromolecu-
lar antigens, the response values produced on the binding
of a singly liganded antibody are significantly larger than
those produced on the binding of an unliganded antibody.
Therefore, the observed on-rate is no longer simply propor-
tional to the free antibody combining sites. Thus the ap-
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proach provided by:Neiba et al. could not be directly used
for the interaction of macromolecular antigens. To over-
come this problem, we modified the method so that the
binding constants of a macromolecular antigen as to a biva-
lent antibody in solution could be evaluated by means of
numerical integration algorithms. Also, comparative data,
between solution binding and surface binding of AK to
McAb3D3, were obtained by the BIAcore method.

In our previous work, the affinity constant of the mono-
clonal antibody against AK (McAb3D3) was measured by
means of an enzyme-linked immunosorbent assay (11).
When the interaction of the antibody with the immobilized
antigen was measured by the direct solid phase’ ELISA
method (18), the affinity constant (K,) of AK binding to
McAb3D3 was 8.4 x 10° M. When the affinity constant in
solution was estimated by partitioning of the :antibody
between the solid and liquid phase antigen (19), a smaller
affinity constant (7.0 x 10* M™!) was obtained. It is clear
that the affinity constant of K,, = 7.0 x 10° M obtained
with the solid-phase BlAcore is different from the affinity
constants determined by ELISA, while the affinity con-
stants (K,, = 1.1 x 10* M"") obtained with the competition
BlAcore are similar to the one obtained by the partition
method. The difference between surface affinities and solu-
tion affinities could be due to conformational changes of
immobilized ligands. The other possibility is the effect of
rebinding (7). Rebinding results in smaller apparent disso-
ciation rate constants but has no effect on the binding rate
constants.

Global Analysis and Direct Curve Fitting with Numerical
Integration as an Improved Method for Analysis of BlAcore
Data—Macromolecular interactions observed using surface
plasmon resonance technology often exhibit kinetic behav-
ior which deviates from pseudo-first-order kinetics. To deal
with this problem, a variety of interpretations and analysis
methods have been described in the literature. Some re-
searchers have proposed that deviation from ideal binding
progress curves may be a characteristic of the biosensor
itself (20, 21). Our results show that the binding of a mono-
clonal antibody to immobolized AK is multiphasic in associ-
ation and dissociation, and the deviations from pseudo-
first-order kinetics are due to inhomogeneity of the immobi-
lized ligands. A similar situation has been observed by oth-
ers (15, 22, 23). Inhomogeneity of the analyte can also
produce mutilphasic kinetics, as can a time-dependent step
that occurs before or after the initial encounter, for exam-
ple, a conformational change (15). A further cause of devia-
tion from an ideal binding progress curve is the limitation
of mass transport from the bulk solution to the sensor (13).
Therefore, to analyze BIAcore data accurately, it is impor-
tant to determine the true origin of such deviations. Based
on our present work, we suggest that the optimum ap-
proach is global analysis and direct curve fitting with
numerical integration algorithms, and comparison of the
quality of the fit obtained for the various possible models.
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