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Measurement of kinetic binding constants of viral antibodies
using a new biosensor technology

J.L. Pellequer and M.H.V. Van Regenmortel *
Laboratoire d'Immunochimie, UPR 9021, CNRS, Institut de Biologie Moléculaire et Cellulaire, F-67084, Strasbourg, France
(Received 30 April 1993, accepted 6 July 1993)

Association (k,) and dissociation (k) rate constants of three monoclonal antibodies raised against
tobacco mosaic virus were determined using a biosensor technique based on surface plasmon resonance
(BlAcore, Pharmacia). Dissociation rates were constant over the 4-400 nM antibody concentration range
whereas apparent association rates decreased over this range probably due to an increased saturation
level of the antigen. Affinity constants K calculated from the ratio of k,/k,; were in reasonable
agreement with values obtained under equilibrium conditions by two standard methods based on enzyme

immunoassay.
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Introduction

In order to understand the biological activities
of antibody molecules, it is necessary to charac-
terize the strength of their interaction with the
antigen in terms of the affinity constant K. In
recent studies using different techniques for mea-
suring the antibody affinity of monoclonal anti-
bodies (Mabs) to tobacco mosaic virus (TMV) it
was found that operational aspects influenced the
experimentally observed affinity values (Azimza-
deh et al., 1991, 1992). In some of the techniques
the K values were markedly dependent on the
antibody concentration used in the assays. When
the amount of free antibody present after ultra-
centrifugation of virus-antibody complexes was
measured by enzyme immunoassay, the calcu-
lated K value decreased about 25-fold when the
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antibody concentration was increased from 30
ng/ml to 35 pg/ml (Azimzadeh et al., 1992). In
the present study, the affinity of several anti-TMV
Mabs measured previously by various liquid phase
and solid phase methods was determined by a
new biosensor technique (BlAcore, Pharmacia,
Uppsala) which allows kinetic rate constants of
antibodies to be measured. Since the equilibrium
affinity constant K is the ratio of the kinetic on
and off rates of the reaction, it was of interest to
investigate how the kinetic rates were affected by
the antibody concentration.

The biosensor instrument (BIAcore, Pharma-
cia) used in this work is based on surface plasmon
resonance, a quantum mechanical phenomenon
which detects changes in refractive index in the
vicinity of the surface of a thin gold film
(Malmquist, 1993). The sensor surface carries a
dextran matrix on which one of the immunologi-
cal reactants is attached. The other is introduced
in a flow passing over the surface. Interactions
can be followed in real time, so that association
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and dissociation rate constants can be measured
and not only the equilibrium constant (Altschuh
ct al,, 1992; Karlsson et al.,, 1992; Malmborg et
al., 1992; Zeder-Lutz et al., 1993).

The study was performed using three mono-
clonal antibodies (Mabs) specific for the quater-
nary structure of TMYV particles, i.e. three anti-
ncotope antibodies (Al Moudallal et al., 1985).
The results showed that the affinity constants
calculated from the ratio of the kinetic rate con-
stants in the BlAcore were in reasonable agree-
ment with the K values determined under equi-
librium conditions by two other methods. Dissoci-
ation rates were constant over the 4-400 nM
antibody concentration range whereas the associ-
ation rates decrcased sharply.

Materials and methods

TMV preparation

Before use, purified virus obtained as de-
scribed previously was sedimented by ultracen-
trifugation at 435,000 X g¢ during 5 min (Rotor
Beckman TLA 100.2) to remove short particles
(Azimzadeh and Van Regenmortel, 1991). The
pelleted TMV was resuspended overnight in 10
mM sodium phosphate buffer, 1 mM EDTA pH
7.2. The concentration was adjusted to 1 mg/ml
using an extinction coefficient E,,, = 3.1 ml mg '
Tt

Antibody preparation

The three Mabs (79P, 107P, 253P) belong to
the subclass TgG1l and are directed against anti-
genic sites known as neotopes present on the
intact quaternary structure of the TMV particle
(Al Moudallal et al., 1985; Dore et al., 1988). The
antibodies were immunopurified from ascitic flu-
ids as described previously (Hardie and Van Re-
genmortel, 1977). An extinction coefficient E,y,
=137 ml mg ' ecm ' was found for antibodies
107P and 253P while for antibody 79P it was
E =139 ml mg ' em ' (Azimzadeh and Van
Regenmortel, 1991).

BlAcore reagents

The instrument (BlAcore) and reagents for
interaction analysis were obtained from Biosen-
sor AB, Uppsala, Sweden. The reagents included

the CMS sensor chips, surfactant P20, N-hydrox-
ylsuccinimide (NHS), N-ethyl-N'-[(3-dimethyl-
amino)propyl] carbodiimide hydrochloride (EDC),
ethanolamine-HCl and polyclonal rabbit anti-
mouse Fcy (RAM).

Immobilization on the sensor surface

TMV immobilization. TMV was immobilized
on the dextran layer using formic acid buffer at
pH 3. Immobilization was achieved by a three
step procedure in order to better control the
amount of immobilized TMV. About 700-1300
resonance units (RU) of TMV were immobilized
by three 10 pl passages at a virus concentration
of 20-40 pg/ml using a continuous flow of 5
pl/min. A signal of 1000 RU corresponds to a
surface protein concentration change of about 1
ng/mm?,

Three washes were done after each immobi-
lization to eliminate particles that were not cova-
lently bound. This resulted in a loss of about 100
RU. After cach cycle of a run involving antibody
binding, the TMV surface was regenerated by a
single 25 wl wash of 25 mM HCIL After ten
consecutive cycles, a loss of about 20 RU of
immobilized TMV was observed.

Mab immobilization. Experiments were done
to assess any possible effect on binding kinetics of
the direct covalent immobilization of TMV on
the matrix. For this purpose, kinetic measure-
ments were made using TMV that was trapped by
a Mab bound to a first layer of immobilized
rabbit anti-mouse globulin (RAM). The RAM
reagent was immobilized according to the manu-
facturer’s instructions. A volume of 35 ul RAM
in 10 mM acetate buffer pH 5 at a concentration
of 100 pwg/ml was injected at a flow rate of 5
wl/min, leading to about 13,000 RU of immobi-
lized RAM. Three washes were performed with
25 pl of 100 mM HCI which led to a loss of about
200 RU. A volume of 6 xl of 10 nM 79P was then
injected at a constant flow rate of 3 ul/min
followed by a saturation step with 3 ul of a
control ascitic fluid diluted 1/10. A total of 240
RU of Mab 79P were immobilized. Thereafter 10
wl of TMV (50 pg/ml) were injected which led
to 1300 RU of bound TMV.

The efficiency of RAM saturation was tested
by the same injection sequence except that HBS



(pH 7.4 (10 mM Hepes, 0.15 M NaCl, 3.4 mM
EDTA, 0.05% Surfactant P20)) was injected in-
stead of TMV. No significant fixation of anti-
necotope antibody was detected which means that
saturation of the RAM was complete.

TMV particles bound in this manner were
used to measure the binding kinetics of the three
Mabs. After each binding measurement, the sur-
face was regenerated with 100 mM HCI in order
to eliminate TMV-antibody complexes from the
immobilized RAM. After ten cycles of regenera-
tion on the same sensor chip, a loss of about 90
RU of RAM was observed.

Theory of kinetic measurements

The following symbols are used (Azimzadeh
and Van Regenmortel, 1990, Hardic and Van
Regenmortel, 1975).
A: total antigen concentration (M~'); B: total
antibody concentration (M~ '); ¢: free antigen
concentration (M '); d: free antibody concentra-
tion (M™'); y: bound antibody concentration
(M™"); n: antibody valence; s: antigen valence; f:
ratio of bound antibody to total antigen (y/A);
k,: association rate constant; k; dissociation rate
constant

The reaction between antigen and antibody
can be expressed by A + B = AB where the anti-
body association rate is
d[AB)

dr k,AJBlinM 's ! "

and the antibody dissociation rate is

d|AB]

= — ky[AB]ins"! 2
i alABJin s (2)

Since at equilibrium, d[AB]/dt =0
k.;[AIlBI = klf[AB]

and [AB]/[AlIB] =k, /k,=K

In our notation, free antigen sites (sc) are
expressed as As —ny and free antibody sites are
expressed as nd. Thus the reaction rate as a
function of free and bound molecules is:

ny

d—r'=k:rrd"‘{As—uy)—k:fuy 3)
dn}' *
?=-—(k:"d+kd} ny + k *nd*As 4)
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In the BlAcore cell, the amount of free antibody
is constant since it is continuously being replen-
ished. The resonance units (RU) measured by
the instrument correspond to the sy concentra-
tion bound to the dextran surface (Figerstam et
al., 1992; Karlsson et al.,, 1991). For ecach 1gG
molecule that becomes bound, two antibody bind-
ing sites are immobilized and therefore the va-
lence n = 2 should be used in equation 4. More-
over since a low flow rate (3 pl/min) was used,
we assumed that both binding sites of each IgG
were actually interacting with the antigen (Karls-
son et al., 1992; Van Recgenmortel and Hardie,
1976). The quantity As was determined from the
maximum amount of antibody (Y, ) that can be
bound to the surface expressed in maximum reso-
nance units (RU_ ). Equation (4) then becomes

max

dRU -
ﬂ,,—=-(k:2d+m RU 4 k}2d*Y,, .. (5
When several antibody concentrations are used a
linear relationship is obtained between the slope
dRU /dt versus RU and the concentration of free
antibody sites (nd):

slope = —k¥nd — k. (6)

From this plot the k, value is obtained from the
slope and the k, value from the Y intercept.

Measurement of equilibrium K values

In control experiments the affinity constants of
each of the three antineotope antibodies were
determined using three different techniques: a
liquid phase centrifugation method, a solid phase
method and the ELISA cquilibrium titration
method (Azimzadeh et al., 1992). Briefly, in the
liquid phase method, a constant amount of anti-
body (30 wg/ml) was incubated in 200 wl cen-
trifuge tubes (Beckman rotor TLA 100) for 1 h at
25°C with variable amounts of TMV (10-35
pg/ml). Then the virus-antibody complexes were
sedimented by ultracentrifugation at 110,000 x g
for 10 min and the free antibody concentrations
were determined by ELISA.

In the solid phase method, variable amounts of
antibody (1-50 ng/ml) were incubated for 2 h in
microtiter plates coated with a constant amount
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Fig. 1. A: plot of dRU /dr vs. RU (equation 5) for antibody 253P (10 nM) binding to immobilized TMV (R, = 657). Each mark

corresponds to a report point taken every 10 5. The entire range of points was used to calculate k. B: plot of dRU /dt vs. RU

(equation 5) for antibody 253P (8 nM) binding to immobilized TMV (R ., = 1307). Each mark corresponds to a report point taken

every 10 s. Only points below dRU /dt =3 were used to obtain a slope and calculate k. C: plot of In(R, /R,) vs. (T, - T,)

(equation 2) representing the dissociation phase of antibody 253P (10 nM) binding to immobilized TMV. Each mark corresponds to
a report point taken every 30 s.
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Fig. | (continued)

of TMV (0.12 pg/ml). Free antibody was re-
moved by simple washing and bound antibody
was revealed by means of labelled antiglobulin
reagent (Azimzadeh et al., 1992; Frankel and
Gerhard, 1979).

In the ELISA equilibrium titration method a
constant amount of antibody (50 ng/ml) was
mixed with variable amounts of antigen (6-1200
ng/ml). Then the free antibody was measured by
ELISA without separating the bound antibody.
Data were expressed as OD, — OD, /0D, where
ODy is the OD measured in the absence of
antigen and OD, is the OD measured in the
presence of various amounts of TMV (Friguet et
al., 1985; Friguet et al., 1989).

Evaluation of kinetic constants

Mabs 79P, 107P and 253P (4-400 nM) in HBS
were allowed to interact with immobilized TMV
particles. Runs were performed at 25°C, at a flow
rate of 3 wl/min taking report points (dRU /dt
and RU) every 10 s. The association phase ex-
tended over 7 min (21 ul injection of constant
antibody concentration); thereafter HBS buffer
was continuously injected for the dissociation
phase which extended over 3 min. The BlAcore
software produces a table containing dRU /dt,
RU and t values.

Three different procedures were used for cal-
culating the Kinetic constants.

In method 1, only report points of the associa-

tion phase were used; k, values were obtained as
the Y intercept in equation 5 knowing the Y,
and d values while the k; values were calculated
from the slope (see Fig. 1.4). This method which
uses the BlAcore software called BIAevaluation
was initially employed (Karlsson et al., 1991, 1992;
Altschuh et al., 1992) but is no longer recom-
mended by the manufacturer, mainly because
both k, and k, values depend on the reliability
of the RU,,,, value.

In method 2, kinetic measurements were made
at several antibody concentrations. The slopes of
each straight line obtained from the plot dRU /dt
=f (RU) (equation 5) were used to plot a new
curve corresponding to slope = f(2d) where d
corresponds to each antibody concentration (Alt-
schuh et al., 1992; Karlsson et al., 1991). In such a
plot (equation 6), k, was obtained from the slope
and k, from the Y intercept.

In method 3, the dissociation constant k, was
obtained from the original result table by plotting
(R,/R,) =T, —T,) where R, represents the re-
sponse value in RU at time 7, and R, the
response values at subsequent times (equation 2).
Then, the association report points, correspond-
ing to the corrected response (CorrResp) and the
slope (dRU /dt) were plotted using equation 5.
Correlation coefficients were used to assess the
linearity of each plot. The plots were linear for
points below a slope value of 3.0 (Fig. 1.4). Points
above a slope of 3.0 were not included in the
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calculation of k, (Fig. 1B). Most results de-
scribed in this study were obtained by this calcu-
lation method 3.

Results

Kinetic measurements using immobilized TMV

Kinetic runs were performed on four sensor
chips which contained a total of 2155, 3335, 677
and 1307 RU of immobilized TMV. The maxi-
mum amount of antibody that could be bound on
these four surfaces was 1720, 2944, 600 and 1300
RU respectively. From the ratio of MW, .../
MW, iboay = 270, it follows that a maximum of
270-340 antibody molecules bound to each virus
particle. Fig. 2 shows a typical sensorgram illus-
trating the association and dissociation phases.
The marks on the curve correspond to the report
points from which the time and slope (dRU /dt)
parameters were obtained.

The k, and k values for each antibody were
calculated by the three methods described above.
The values obtained for antibody 253P by meth-
ods 1 and 3 are presented in Table 1. The appar-
ent k, values obtained by method 1 (equation 5)
decreased from 2 X 10° to 6 X 10 M~ ' s ! when

the antibody concentration increased from 4 tn
400 nM.

It appears that the k, values decrease with in-
creasing degree of saturation of TMV particles,
which reflects the portion of the binding curve
that yields usable data for the construction of
dR/dt vs. R plots. According to equation 5, the
initial binding rate k, obtained from the term
k*2d*Y,. should be constant. However, at high
antibody concentrations ( f = 250-270) the initial
binding rate cannot be determined because of
sample dispersion and mass transport limitations.
The k, values obtained by method 1 were de-
rived by extrapolation and showed considerable
variation. The kinetic values calculated by method
2 were derived from the combination of individ-
ual sets of data points measured as in method 1.
Data points obtained at antibody concentrations
of 2-20 nM were plotted using equation 5. The
k, value was calculated as 4.85x 10° M ' s7!
and the k, value as 2.61 X 10°* s7' giving K =
1.85 % 10> M '. It should be noted that the k,
value obtained by method 2 is higher than the
values obtained by method 3 and that the k,
value was also higher than the k, obtained by
method 3. The apparent k, values obtained by
method 3 (Table 1) showed the same concentra-

11000 T T - T .
0 200 400

T Y T ¥ i L

600 800 1000 1200
Time [s]

Fig. 2. Sensorgram used for kinetic measurements of Mab 253P when TMV was immobilized. Phase (a) corresponds to the

association phase (antibody injection). Phase (b) corresponds to the dissociation phase (buffer injection). Phase (c) corresponds to

the regeneration phase with 100 mM HCI (25 pl at 5 pl/min). The last report point gives the new baseline for the next
measurement.
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TABLE 1
KINETIC CONSTANTS OF ANTIBODY 253P CALCULATED ACCORDING TO METHODS | AND 3"

Antibody  Slope " f Method Method
cone. 14 3¢
"M k, k, K=k, /ky Kk, kq K=k, /ky
109M -5t 10451 10*M ! 10°M s ! 10457} 108M-!
4 —0.00260 130 223 8.16 2.73 3.10 1.24 25.0
6 —0.00365 153 208 115 1.80 2.93 1.34 21.9
8 —0.00464 177 211 12.6 1.67 2.81 1.53 18.4
10 —0.00450 179 1.67 11.6 1.44 2.18 145 15.0
20 000553 211 111 10.9 1.02 1.35 1.52 8.9
a0 —0.00496 244 072 6.16 1.18 0.80 1.53 5.2
300 —0.00482 270 0.08 ~ 1 = 0.08 1.87 0.4
400 ~0.00443 268  0.06 —1 - 0.05 1.96 0.3

* Various antibody concentrations were allowed to interact with a sensor chip containing 1307 RU of immobilized TMV.

" Slope of the straight line obtained according to equation 5.

“f=y/A where A is the total antigen concentration. [ values were determined as the product of (R, at cach antibody
concentration / RU of immobilized TMV)* (MW of TMV/MW of Ab). A value of [=130 corresponds to 130/270 = 48%
saturation level.

4 Method 1 consisted of plotting dRU /dr vs. RU: the k, value was obtained from ¥, ..., /2*d* Y, while the k, value was
obtained by (slope — Y, crcept / Yo ) Using equation 5.

¢ In method 3 the & value was obtained from the dissociation phase of the sensorgram (equation 2) and inserted in equation 5.
The k, value was calculated from the slope of equation 5.

"k values were negative as the slope of equation 5 was lower than the value (Y, e / Vi)

tion dependence as observed in method 1 and are mained constant over the entire range of anti-
responsible for the observed concentration de- body concentrations (6-400 nM). The average k
pendence in the calculated K values. The k, value was 1.6 10°* s ' and the calculated K
value corresponding to the average of the last value was 1.8 X 10” M.

three values obtained at an antibody concentra- The kinetic constants of the three antibodies
tion of 4-8 nM was taken as representative of the calculated by method 3 as outlined in Table I are
kinetic association constant (k, =29x10° M ' presented in Table I1. The tenfold higher K value
s~ '). In contrast, the k, values which in method obtained for antibody 253P (at low antibody con-
3 are obtained from the dissociation phase re- centration) compared to the K values of antibod-

TABLE 1
KINETIC CONSTANTS OF THREE Mabs MEASURED ACCORDING TO METHOD 3 USING IMMOBILIZED TMV

Antibody  RU of You ' [Pk, ky
immobilized RU measurement measurement
™V Antibody Kk, Antibody K*
cone, (o*M-'s™ ) cone, (10 *s 1) (10*M1)
253p 657 673 276 4-8 4,06+ 0.62 6H-400 0.16 4 0.03 254
253p 1307 1447 299 4-8 2.8740.20 H-400 0.16 +0.02 18
79p 657 575 236 4-10 2904027 6h-400 1L.714+0.67 1.7
9P 1307 1250 258 4-10 1.964+0.14 6400 1.32+0.18 1.5
107P 657 66 249 4-10 3964047 6-400 1.66 +0.05 24
107P 1307 1242 257 2-10 23540.18 6400 1.2540.20 1.9

2 Y yax 15 the maximum antibody response obtained at a Mab concentration of 400 and 500 nM (60 and 75 pg/ml).
b f =y /A observed under conditions of antibody saturation (400 nM antibody).
€ Calculated from the ratio k, / k.
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Fig, 3. Sensorgram used for kinetic measurement of Mab 253P with TMV captured by a first antibody, Phase (a) corresponds to the

injection of capture Mab 79P (240 RU). Phase (b) corresponds to the saturation of RAM by non specific ascitic fluid (2200 RU).

Phase (c) corresponds to TMV injection (1300 RU). Phase (d) corresponds to the association phase (injection of Mab 253P). Phase

(e) corresponds to the dissociation phase (buffer injection). Phase (f) corresponds to the regeneration phase with 100 mM HCI (25
plats pl/min).

ics 79P and 107P is shown to be the result of a
tenfold lower k, value (Table T1).

Kinetic measurements using TMV' captured by a
first immobilized antibody

About 1400 RU of TMV were captured by
immobilized Mab 79P. When antibodies 79P, 107P
and 253P were allowed to bind to the captured
TMYV, about 2000 RU were bound in all three
cases. This corresponds to about 390 antibody
molecules bound per virus particle, which is close
to the maximum number of antibody molecules
that can bind in a bivalent manner in liquid phase

measurements (Azimzadeh and Van Regenmor-
tel, 1991; Van Regenmortel and Hardie, 1976).
Fig. 3 shows a typical sensorgram obtained under
these conditions. Phase (a) corresponds to the
fixation of capture antibody 79P on the RAM
while phase (b) represents saturation of RAM
with a non-specific Mab. After TMV injection
(phase c¢), the kinetics of association (phase d)
and of dissociation of each Mab (phase ¢) were
monitored.

The results obtained with the three antibodies
using TMV captured by a first antibody are pre-
sented in Table III. For each antibody the k,

TABLE 1V
AFFINITY CONSTANTS OF THREE ANTIBODIES MEASURED BY CLASSICAL AND BIOSENSOR TECHNIQUES *
Technique Method Ab conc. K for 253P K for 79P K for 107P
nM 10EM-! 10fM-! 10EM-!
Biosensor Ratioof k /k, 2-30 201+ 45" 1L.5¢ 0.2 21+ 03
Enzyme Liquid-phase 200-600 22 +3 224 15 254 0.1
immunoassay Joro6 nd ¢ BB+ 8 16.1+ 4.6
Equilibrium titration 0.3 30 + 5¢ 78+ 2.7 11.24+ 5.0
Solid-phase 0.003-0.75 85 4304 52 +£18 55.5+20.5

* All K values correspond to conditions in which bivalent antibody binding predominates.
" Mean of three values 18.0, 25.4 and 17.0 10 listed in Tables 11 and 111,

© Not determined.

4 From Azimzadeh et al. 1992, All other values in the table were derived from experiments done in the present study.



TABLE 111

KINETIC CONSTANTS OF THREE Mabs MEASURED
ACCORDING TO METHOD 3 USING TMV CAPTURED
BY A FIRST ANTIBODY

Antibody ¥, k,in kyin K in
RU 10°M~'s='* 0 3s b 108 M!
253 2219 290+0.77 0174027 17
79 1815 1.46+40.24 1.22+0.19 1.2
107 1923 1.76+0.68 0.88+022 2

? Calculated from the &, values observed at antibody concen-
tration 2-10 nM (0.3-1.5 ug/ml).

P Calculated from the k values observed at antibody concen-
tration 6400 nM (0.9+ 1.5 pg/ml).

value was slightly lower and the k, value slightly
higher that the value obtained with TMV directly
immobilized on the matrix.

As found in Table 1 for antibody 253P, the K
values of antibodies 79P and 107P decreased sig-
nificantly when the antibody concentration in-
creased from 4 to 400 nM (results not shown).

Table 1V compares the K values of the three
antibodies obtained as k,/k, ratios in the BIA-
core with the values obtained under equilibrium
conditions by three standard techniques. All val-
ues pertain to conditions of bivalent antibody
binding. The K values obtained, by the liquid-
phase and ELISA equilibrium titration methods
are in reasonable agreement with the values ob-
tained with the BlAcore. In contrast, K values
obtained with the solid-phase method were con-
siderably higher than those obtained by the other
methods. Equilibrium K values of Mabs 253P
and 107P obtained in this study (Table 1V) agree
closely with those measured previously by the
same techniques (Azimzadeh et al., 1992).

Discussion

Under conditions used for kinetic measure-
ments (3 pl/min flow rate) a maximum of 270-
340 antibody molecules could be bound in a biva-
lent manner to each TMV particle directly immo-
bilized on the dextran matrix (Table 1). In con-
trast, about 400 antibody molecules could be
bound when the virus was trapped by a first
antibody. This difference may reflect a better

141

accessibility of the viral surface when the virus is
presented by a first antibody. The lower level of
antibody saturation achieved when TMV parti-
cles are directly immobilized (Tables 1 and 2)
means that only about 75% of the theoretical
number of available antigenic sites per particle
(s=800) can be bound by antibodies binding
bivalently under these BlAcore conditions. The
conclusion that the antibodies were bound in a
bivalent manner is corroborated by the finding
that the affinity constant K obtained from the
ratio k,/k 4 was similar to the values obtained in
the case of bivalent binding in liquid phase mea-
surements (Table V).

A major advantage of the BIAcore technique

is that kinetic constants can be obtained without
any labelling of the reactants. The k, values
found for the three anti-neotope antibodies were
in the range 10° M ' s~ ' while the k, values
varied from 10 % s ' for Mab 253P to 10 ' s!
for Mabs 79P and 107P.
The kinetic measurements showed that the asso-
ciation constants should be measured at an anti-
body concentration above 2 nM since at lower
concentration the RU response was small and too
variable. At a concentration higher than 30 nM
the association phase may be limited by mass
transport and biased toward a rapid reassociation
and thus lower dissociation facilitated by the high
antigenic valence of TMV. The dissociation con-
stant should be obtained from the dissociation
phase at an antibody concentration higher than 4
nM since at lower concentrations rapid reassocia-
tion also scems to occur. In the concentration
range 4-400 nM, k, values calculated by method
3 were remarkably constant (Table 1).

As observed in previous studies of equilibrium
K wvalues of antiviral antibodies (Azimzadeh et
al., 1991, 1992), we found that the K values
calculated from the ratio k /k, were concentra-
tion dependent. Table 1 shows that the apparent
association rate constant varied in an inversely
proportional manner with the degree of antigen
saturation and the concomitant high antibody
concentration. Presumably it is the increased sat-
uration level which causes a decrease in associa-
tion rate and results in the previously observed
dependence of K on antibody concentration
(Azimzadeh ¢t al., 1991). The decrecase in K
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value of Mab 253P in the antibody concentration
range of 4-400 nM reflects the corresponding
decrease in the k, values since the k; values
remained constant at 1.4 x 10 * s~'. A similar
concentration dependence of K values was ob-
served with Mabs 79P and 107P (results not
shown).

For the purpose of comparison, the K values
of the three Mabs were again determined in the
present study by three classical techniques. As
shown in Table IV, the equilibrium K wvalues
obtained by the liquid-phase and equilibrium
titration methods were in close agreement with
the values calculated using the BlAcore. These K
values were also similar to those obtained previ-
ously by the same techniques (Azimzadeh et al.,
1992). It is noteworthy that the solid-phase tech-
nique gave K values considerably higher than
those obtained by the other methods. This is also
in agreement with earlier observations (Azimza-
deh et al., 1992) and confirms that the solid-phase
technique leads to affinity values that are overes-
timated 5-10-fold. It has been suggested that the
higher K values obtained with the solid-phase
technique may be due to the low diffusion rate in
microtiter wells leading to a fast antibody reasso-
ciation and a decrease in apparent k, values
(Nygren et al., 1987; Sternberg and Nygren, 1988).

Table IV shows that K values derived from
kinetic measurements arc nearly identical to those
obtained in liquid-phase measurements made at
high antibody concentration (200-600 nM) but
are slightly lower than the values obtained in
liguid-phase at low antibody concentration or by
the equilibrium titration method. Similar conclu-
sions were reached by Malmborg et al. (1992)
who reported that K values obtained with the
BIAcore were similar to those found by the equi-
librium titration method of Friguet et al. (1985)
and were substantially lower than those found by
solid-phase methods.

Our results confirm that equilibrium affinity
values of anti-viral antibodies calculated from
kinetic rates determined with BlAcore are com-
parable to the values measured under equilib-
rium conditions by standard procedures. In view
of the importance of equilibrium and rate con-
stants for understanding the biological properties
of anti-viral antibodies such as their neutralizing

ability, it seems likely that the biosensor technol-
ogy will find many applications in viral immunol-
ogy. For instance, it should be of considerable
interest to investigate possible correlations be-
tween antibody neutralizing ability and the values
of the kinetic rate constants. A major advantage
of the BlAcore is the relative case with which
kinetic rates can be measured. Although it is to
be expected that the values of k, and k; mea-
sured when one of the rcactants is immobilized
will differ somewhat from the values measured in
liquid phase by, for example, fluorescence mea-
surements (Chaiken et al., 1992), the high repro-
ducibility of measurements made with the BIA-
core allows meaningful comparisons to be made
between different antibodies. Such comparative
measurements should provide useful information
for analyzing functional aspects of antibody bind-
ing.
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