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Surface plasmon resonance (SPR) is a label-free, real
time, optical detection method which has recently been
commercialized as the BIAcore (Pharmacia). The tech-
nique relies on the immobilization of one of the interac-
tants, the ligand, onto a dextran-coated gold surface.
The second interactant, the ligate, is then injected
across the surface and the interaction of the soluble li-
gate with the immobilized ligand is observed continu-
ously and directly. The process of dissociation of bound
ligate may also be observed directly after the sample
plug has traversed the layer. Thus, the data generated
contain information on the kinetic rate and equilibrium
binding constants for the interaction under investiga-
tion. Historically, data from this instrument have been
analyzed in terms of linear transformations of the pri-
mary data and requires that data from several ligate
concentrations be analyzed to determine a single value
for the association and dissociation rate constants.
Here we discuss the analysis of untransformed BIAcore
data by nonlinear least squares methods. The primary
data are analyzed according to the integrated rate equa-
tions which describe the kinetics of the interaction of
soluble ligate with immobilized ligand and the dissocia-
tion of the formed complex from the surface, respec-
tively. Such analyses allow the direct determination of
the association and dissociation rate constants for each
binding experiment and, further, allow the analysis of
data over a wider concentration range with lower asso-
ciated errors compared to previously described meth-
ods. Through the use of modeling these interactions, we
also demonstrate the limitations in determining the dis-
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sociation rate constant from the association phase of
the interaction, théreby requiring that the dissociation
process be analyzed. Indeed, the dissociation phase
should be analyzed first to yield a relatively precise and
unambiguous value of the dissociation rate constant, k,,
which can then be used to constrain the analysis of the
association phase to yield a better estimate of the associ-
ation rate constant, #,, We further demonstrate that, at
least for the interaction investigated, the apparent rate
and equilibrium binding constants determined using
SPR are concentration independent and can be deter-

mined with good reproducibility. . 1993 Academic Press, inc.

The characterization of the kinetics and thermody-
namics of macromolecular interactions is increasingly
important for developing an understanding of the molec-
ular basis of such events as cell adhesion and viral infec-
tion and may ultimately aid in the rational design of
antagonists of such interactions. Surface plasmon reso-
nance (SPR)? detectors, such as the BIAcore (Pharma-
cia), allow for the direct visualization of these macromo-

2 Abbreviations used: SPR, surface plasmon resonance; NHS, N-
hydroxysuccinimide; sCD4, recombinant, soluble form of the T-cell
receptor CD4; MoAb, monoclonal antibody; EDC, N-ethyl-N'-(3-
diethylaminopropyl)-carbodiimide; k,, association rate constant; kys
dissociation rate constant; K, equilibrium dissociation constant; C,
ligate concentration; R, response from the SPR detector; R,,,.,, maxi-
mum response from the SPR detector; R;, response at the point of
injection of ligate, accounting for changes due to the ligate solution
per se, in the absence of binding; R, . ., response after complete disso-
ciation of bound ligate, equivalent to the system baseline response;
R,, amplitude of the dissociation process; TIR, total internal reflec-
tion.
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lecular interactions in real-time, and thus the data ob-
tained contain information on the rate and equilibrium
binding constants that describe the interaction being
investigated. Since SPR is a relatively new detection
principle, a brief description of the physics and the BIA-
core instrumentation follows.

SPR is an optical phenomenon which occurs as a re-
sult of total internal reflection (TIR) of light at a metal
film-liquid interface. Total internal reflection is ob-
served in situations where light travels through an opti-
cally dense medium such as glass and is reflected back
through that medium at the interface with a less opti-
cally dense medium such as buffer, provided the angle of
incidence is greater than the critical angle required for
the pair of optical media. Although the light is totally
reflected, a component of the incident light momentum,
termed the evanescent wave, penetrates a distance of
the order of one wavelength into the less dense medium,
in this case buffer. The evanescent wave phenomenon
has been exploited to excite molecules in close proxim-
ity to a glass-liquid interface in a process termed total
internal reflection fluorescence (1).

If, however, the incident light is monochromatic and
plane-polarized and the interface between the media is
coated with a thin (a fraction of the light wavelength)
metal film, the evanescent wave will interact with free
oscillating electrons, or plasmons, in the metal film sur-
face. Therefore, when surface plasmon resonance occurs,
energy from the incident light is lost to the metal film,
resulting in a decrease in the reflected light intensity.
The resonance phenomenon occurs only at a precisely
defined angle of the incident light. This angle is depen-
dent on the refractive index of the medium close to the
metal-film surface. Changes in the refractive index of
the buffer solution, to a distance of about 300 nm from
the metal-film surface, will therefore alter the reso-
nance angle. Continuous monitoring of the resonance
angle allows quantitation of changes in the refractive
index of the buffer solution close to the metal-film sur-
face. The interaction of macromolecules in the buffer
solution causes a change in refractive index in close
proximity to the metal-film surface which translates
into a change in the resonance angle which is in turn
detected and quantitated by the instrument. It is worth
noting that light does not pass through the detection
volume (defined by the size of the illuminated area at
the interface and the penetration depth of the evanes-
cent wave) and that the optical device is on one side of
the metal-film detecting changes in the refractive index
in the buffer on the opposite side. An extensive treat-
ment of the theory of SPR may be found elsewhere (2).

Pharmacia Biosensor AB (Uppsala, Sweden) has
commercialized SPR technology with an instrument
called BlAcore. The instrument consists of a processing
unit containing the SPR detector and an integrated mi-
crofluidics cartridge that, together with the auto-
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sampler, controls delivery of sample plugs into a buffer
stream passing continuously across the “sensor chip”
surface. The entire system is computer controlled. The
sensor chip (3-5) consists of a glass substrate onto
which a thin (50 nm) gold film is deposited. The gold
film is derivatized with a monolayer of a long hydroxy-
alkyl thiol which serves both as a “barrier” to proteins
and other ligands from coming into direct contact with
the metal surface and as a functionalized layer for fur-
ther derivatization. A 100-nm-thick layer of carboxy-
methyl dextran is covalently coupled to the hydroxyal-
kyl thiol to produce a hydrophilic surface for
immobilization of macromolecules.

By continuously monitoring the refractive index (RI),
detected as a change in the resonance angle, in the de-
tected volume and plotting this value as a function of
time, a sensorgram is obtained. The y-axis of the sensor-
gram is denoted the resonance signal and is indicated in
response units (RU). A change in signal of 1000 RU
corresponds to a 0.1° shift in the surface plasmon reso-
nance angle and for globular proteins is equivalent to a
surface concentration of 1 ng/mm? (6). The total range
covered by the SPR detector is 3°, or 30,000 RU. The
resonance signal at any given point in time is the sum of
contributions from the sensor chip surface, interacting
molecules, and the bulk solution (6). Under conditions
of constant bulk solution refractive index, the amount
of interacting molecule can be monitored continuously.
If, on the other hand, the refractive index of the ligate
solution differs from that of the continuous buffer flow,
the amount of interacting ligate may be quantitated
from readings taken between sample injections where
constant RI buffer flow is operating. For kinetic mea-
surements, where the progress of the binding curve
rather than the absolute response values are used, cor-
rection for sample bulk refractive index is not neces-
sary.

Traditionally, the analysis of BIAcore binding data
for the determination of rate and equilibrium binding
constants has involved linear transformations of the
primary data (7-12). However, linear transforms also
transform the parameter-associated errors with the re-
sult that they no longer reflect the high quality primary
data obtained on the BIAcore. In addition, the linear
approach to data analysis requires that data obtained
from many ligate concentrations be used to derive single
values for the kinetic rate and thus the equilibrium bind-
ing constant. In the present paper, however, we describe
nonlinear least squares methods of analysis of the bind-
ing data obtained on the BIAcore which allow for the
determination of the kinetic rate and equilibrium bind-
ing constants for each binding experiment. We further
discuss the consequences of this approach on the quan-
titation of kinetic rate and equilibrium binding con-
stants determined by SPR. As a model macromolecular
system, we chose to study the interaction between the
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soluble form of the T-cell accessory molecule CD4
(sCD4) and a mouse monoclonal antibody, .71 (13,14).

KINETIC ANALYSES—THEORETICAL ASPECTS

Since the SPR detector is a continuous, real-time de-
tector, the possibility for assessing the kinetics of inter-
action exists. As noted earlier, the interaction observed
is between an immobilized ligand and a soluble ligate.

For the reversible interaction,

A + B <= AB,
ka

the rate of formation of the product, AB, at time ¢ may
be written as

d{AB]/dt = k,[A]l[B] — ki AB], [1]

where k, is the association rate constant and k, is the
dissociation rate constant. After some reaction time, ¢,
[B] = [B], — [AB]. Substituting into [1] gives

d[AB}/dt = kJA]([B], — [AB]) — k,[AB],  [2]

where [B], is the concentration of B at ¢t = 0.

In the BIAcore, one of the interactants is immobilized
onto the surface and the other is continuously replen-
ished from the injection volume flowing over the sur-
face. The signal observed, R, is proportional to the for-
mation of AB complexes at the surface and the
maximum signal, R_,,,, will be proportional to the sur-
face concentration of active ligand at the surface (7). In
the case of the BIAcore, therefore, Eq. [2] becomes

dR/dt = k,C(R.x — R) — k4R, [3]
where dR/dt is the rate of formation of surface asso-
ciated complexes, i.e., the derivative of the observed re-
sponse curve, C is the constant concentration of ligate in
solution; R,,., is the capacity of the immobilized ligand
surface expressed in resonance units, and (R, — R) is
equivalent to the number of unoccupied surface binding
sites at time t. Note that since terms in R appear on both
sides of the equation, the response value R can be used
directly without conversion to absolute concentrations
of formed complexes at the sensor chip surface.
Rearranging [3] gives

dR/dt = k,CR,,,, — (k.C + k)R (4]
Traditional analyses of binding data obtained on

BlAcore have utilized Eq. [4]. In such analyses a plot of
dR/dt versus R yields a slope, k,, defined as

459

k, = k,C + ky. (5]

Determination of k, at a number of ligate concentra-
tions (C) allows one to plot k, versus C from which a
single value for k,, the slope, and k,, the y-intercept, is
obtained. However, linear transforms, such as the one
described above, also transform the errors in the pri-
mary data. This has the result that the errors in the
derived parameter values no longer directly reflect the
errors in the observed response (15-17). In addition, lit-
tle information is obtained to define the reproducibility
or certainty in the derived parameters.

For these reasons, it is advantageous to analyze data
directly in terms of the integrated form of the rate equa-
tion

ChyRips[1 — € (Chatha0)]
B Ck, + ky

R, (6)
Equation [6] defines R,_, as zero. However, the baseline
response of the instrument prior to injection of ligate is
not zero. Baseline correction, or normalization, of the
primary data can be achieved by subtracting the re-
sponse before the injection of ligate from the response
values obtained during the progress of the binding curve
and fitting to Eq. [6]. While baseline correction of data
is valid, the requirement is that the baseline response is
precisely known.

An alternative approach to baseline correction is de-
scribed by

ICkaRmnx[l — e‘((Cka+kd)t)]

R —_—
o Ck, + ky

+ R, 7]
where R, is an additional fitting parameter equivalent to
the signal at the point of injection of ligate (¢t = 0),
which, as noted above is not zero. In addition, this pa-
rameter accounts for any change in response due to the
refractive index of the soluble ligate, in the absence of
binding. The untransformed primary data, i.e., R versus
t, obtained from the association phase can therefore be
fit directly to Eq. [7] without baseline correction. Using
the integrated form of the rate equation (Eq. {7]), errors
in the derived parameters, k, and k;, directly reflect
errors in the primary data. This approach also has the
additional advantage that k, and %, can potentially be
determined for every binding experiment.

Importantly, the process of dissociation of the formed
complexes, AB, can also be observed directly once the
ligate solution has traversed the flow cell and the sys-
tem reverts to buffer flow. The rate of dissociation of
the formed complexes, AB, is described by

dR/dt = —kyR. (8]

Previous reports on the analysis of the dizscociation
process observed using BIAcore have again used a lin-
earized form of Eq. [8] described by
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In(R,/R,) = k4(t, — 1), (9]

where R, is the response at ¢t = 1 and R, is the response
at time t = n along the dissociation curve. Therefore, a
plot of In(R,/R,) versus (¢, — t,) should produce a
straight line of slope k;. For the reasons described
above, it is advantageous to analyze the dissociation pro-
cess in terms of the integrated rate equation

R, = Re7", [10]
where R, is defined as the amplitude of the dissociation
process.

To account for the fact that even after complete disso-
ciation of the complex, AB, from the surface of the sen-
sor chip the instrument response is not zero, Eq. [10]
may be rewritten as

R, = {R.e™™} + Ry, [11]
where R,_, _ is the response value after infinite time and
represents complete dissociation of the AB complexes,
and R, is the amplitude of the dissociation process.
Again, inclusion of the fitting parameter R, , . obviates
the need for baseline correction of the data set.

As described above for the analysis of the association
phase (Eq. [7]), the untransformed data obtained dur-
ing the dissociation process may be analyzed directly
according to Eq. [11] allowing for the quantitation of
the dissociation rate constant, k;, for every binding ex-
periment. The importance of the analysis of both the
association and the dissociation phases will be discussed
below.

MATERIALS AND METHODS

The BlAcore system used in these studies is manu-
factured by Pharmacia Biosensor AB (Uppsala, Swe-
den). Sensor chips CM5, surfactant P20 and the amine
coupling kit containing N-hydroxysuccinimide (NHS),
N-ethyl-N'-(3-diethylaminopropyl)-carbodiimide (EDC)
and ethanolamine hydrochloride were from Pharmacia
Biosensor AB. Recombinant human sCD4 (domains D1
through D4) and the mouse IgG1 monoclonal antibody
{MoAb) L-71 were obtained from Raymond Sweet (De-
partment of Molecular Genetics, SmithKline Beecham
Pharmaceuticals). MoAb L-71 has an epitope specificity
for amino acids 87 through 89 in the D1 domain (v3
loop) of CD4 (Raymond Sweet, personal communica-
tion). The recombinant human sCD4 used in the pres-
ent studies was shown by analytical ultracentrifuge anal-
ysis to be a monomeric species with a molecular weight
of 45 kDa (Hensley, personal communication). The
graphing and data analysis program, IGOR, was pur-
chased from WaveMetrics (Lake Oswego, OR).
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FIG. 1. Effect of k; on the association progress curve. Equation [7]

was used to generate model data sets using the following parameter
values: R, = 15,000 RU, R, = 2000 RU, C = 1078 M, k, = 10° M} 57},
and k, was varied from 10725 ' t0 0, i.e., pure association. (A) Associa-
tion progress curves over a 10,000-s time period, (B) expanded view of
the same curves over the initial 250 s, the time period for which BIA-
core binding data are routinely obtained. Gaussian noise of +1 RU
was added to all model data sets to better simulate real BlAcore data.

Immobilization of MoAb L.71 was performed as previ-
ously described by reaction of the ligand associated
amines with an N-hydroxysuccinimide-ester activated
surface (13). Briefly, after equilibration of the instru-
ment with Hepes buffer (HBS; 10 mM Hepes, 150 mM
NaCl, 0.05% surfactant P20, pH 7.4), the following sam-
ple injections were made using the automated robotics
unit incorporated into the BIAcore instrument: (i) equal
volumes of NHS (0.1 M in water) and EDC (0.1 M in
water) were first mixed by the robot after which 30 ul
was injected across the surface to activate the carboxy-
methylated dextran; (ii) ligand (30 ul, 30 ug/ml 10 mm
sodium acetate, pH 4.7) was then injected across the
activated surface; (iii) residual NHS-esters on the sen-
sor chip surface were then reacted with ethanolamine
(30 ul, 1 M in water, pH 8.5); (iv) noncovalently bound
ligand was then washed from the surface by injecting
phosphoric acid (15 ul, 0.1 M). The immobilization pro-
tocol was performed with a continuous flow of HBS of 5



KINETICS OF MACROMOLECULAR INTERACTIONS

TABLE 1

Effect of Dissociation Rate Constant
on the Association Phase

Calculated parameter values (+ % SD)®

Input k,
(s7h)° kq Rinax ky

1x 1072 996 X 10* (x1.73) 1994 (+1.69)  9.90 X 1072 (£0.43)

1 X107 9.99 X 10* (£1.42) 2000 (+1.33) 9.86 X 107* (+1.35)

1x107* 999 x 10* (+1.15) 1999 (+1.01) 9.82 X 107% (x1.74)

1x107°  9.50 X 10* (£1.23) 2101 (£1.09)  4.52 X 107° (+2.08)

1 X107  1.00 X 10° (x1.14) 1999 (£1.00) 9.88 X 1076 (+3.25)
0 9.79 X 10* (x1.19) 2042 (#£1.05) 1.06 X 107° (+2.70)

¢ The parameter values used to generate the data sets were as de-
scribed in the legend to Fig. 1.

b Curve fitting was performed, according to Eq. {7], by floating all
parameters except ligate concentration, C. R; was calculated to excel-
lent precision in all instances and is therefore not presented in the
table.

ul/min. Immobilization of ligands typically takes
30 min.

Using a single immobilized L71 surface, 40 ul of sCD4
prepared at various concentrations in HBS was injected
and allowed to interact with the layer. After the injec-
tion plug had passed the surface, the dissociation pro-
cess was allowed to proceed for an additional 10,000 s.
The L71 surface was regenerated between sCD4 injec-
tions with 10 ul 0.1 M phosphoric acid. Phosphoric acid
regeneration has previously been shown not to affect
the functional capacity of immobilized L71 (13). In the
present experiments, a constant flow rate of 5 ul/min
was used throughout unless otherwise noted and data
were collected at 1 Hz. However, both the flow rate and
the sample collection rate can be varied.

Data were analyzed directly using the integrated form
of the rate equations using IGOR on a Macintosh per-
sonal computer. Data from the association phase were
analyzed according to Eq. [7] and the dissociation phase
was analyzed according to Eq. [11]. Routines for im-
porting and analyzing BlAcore binding data were writ-
ten by the authors and encoded into IGOR. IGOR uses
the Levenberg-Marquardt algorithm for iterative curve

fitting (18).

RESULTS AND DISCUSSION
Modeling Studies

In the design of the BIAcore microfluidics system, the
injection of ligate is limited to a maximum of 50 ul.
Therefore, data which describe the association phase of
the macromolecular interaction can only be collected
for a short period of time (=300 s). Given this limita-
tion, model data sets were generated, according to Eq.
[7], to help define our ability to determine kinetic rate
constants from the association phase of BIAcore bind-
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ing data. An example of this is presented in Fig. 1A
where data sets were generated using the following pa-
rameters as defined by Eq. [7]: R; = 15000 RU, R, =
2000 RU,C =107®M, k, = 10°M 's™!, and k, varied from
1072 57! to 0, i.e., pure association. An association rate
constant of 10° M™' s™' was considered to be a reason-
able guess for the interaction of a MoAb with its anti-
gen, such as in the present investigation. It can be seen
from Fig. 1 that even if one could continuously inject
ligate for 10,000 s, it is difficult to distinguish between
dissociation rate constants below 107°s™! in the associa-
tion process. Further, and more importantly, in the time
period of an association phase that is routinely observed
on the BIAcore run according to the manufacturer’s rec-
ommendations, dissociation rates below 107% s~ ! cannot
be distinguished from pure association, i.e., a dissocia-
tion rate of 0 (Fig. 1B). To further demonstrate this
point, the model data sets presented in Fig. 1B were fit
to Eq. [7] and the calculated parameter values are pre-
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FIG. 2. Effect of k, on the association progress curve. Equation [7]
was used to generate model data sets using the following parameter
values: R; = 15,000 RU, R, = 2000 RU, C = 10™*M, k, = 10 *57!, and
k, varied from 10%to 10° M~' s7'. (A) Association progress curves over
a 10,000-s time period, (B) expanded view of the same curves over the
initial 250 s, the time period for which BlAcore binding data are rou-
tinely obtained. Gaussian noise of +1 RU was added to all model data
sets to better simulate real BIAcore data.
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TABLE 2

Effect of Association Rate Constant on the Association Phase

Calculated parameter values (+ % SD)?

Input k, (M~! s71)° k, R
1x10° 5.46 X 10° (+4.69)° 384 (+4.54)
1x 104 1.02 X 10* (+2.71) 1975 (+2.67)
5 x 10* 4.95 X 10* (+1.68) 2019 (+1.58)
1 x 10° 9.96 X 10* (+0.92) 2007 (+0.82)
5 X 10° 5.00 X 10° (+0.08) 1999 (+0.04)
1 x 10° 1.00 X 10° (+0.04) 2000 (+0.01)

°The parameter values used to generate the data sets were as de-
scribed in the legend to Fig. 2.

b Curve fitting was performed, according to Eq. [7], by floating all
parameters except ligate concentration, C, and the dissociation con-
stant, k,. R; was calculated to excellent precision in all instances and
is therefore not presented in the table.

°If R, was fixed at a value of 2000 RU, a value of 1.14 x 10°
(+£2.52%) could be determined for k,.

sented in Table 1. While k,, R,..., and R, can all be de-
rived with good precision, it can be seen that a dissocia-
tion rate constant below about 107" s™! cannot be
distinguished from pure association.

On the other hand, for a given dissociation rate con-
stant (107° s7'), a wide range of association rate con-
stants can be distinguished, even over short time pe-
riods (see Fig. 2) Clearly, however, the longer the time
period over which data are collected and analyzed, the
greater the ability to accurately define the parameters
which describe the interaction. The parameter values
calculated according to Eq. [7] for the data presented in
Fig. 2B are presented in Table 2. Except for the data set
generated using a k, of 10° M~! 577, all parameter values
were calculated accurately and with good precision. The
inability to derive a k, of 10° M~! s™' is not unexpected
given that the ligate concentration used to generate
these data sets was 107 M.

The inability to inject more than 50 ul of ligate soiu-
tion could thus be considered a limitation of the BIA-
core in its present form. However, since injection of sam-
ple and bulk buffer flow over the sensor surface is
controlled by pneumatic valves, it may be possible to
reprogram the instrument to allow for larger volume
injections of ligate by bypassing the sample loops en-
tirely. Since the injection syringe, as presently config-
ured, has a 500-ul volume, such a modification would
allow for a 10-fold increase in ligate injection voiume
and thus a 10-fold increase in the amount of data ob-
tained to describe the association process. Not only
would this allow a better definition of the association
rate constant, but the ability to derive dissociation rate
constants from the association phase would be greatly
enhanced (see Figs. 1 and 2). The advantage of this
would be that the dissociation rate constant could be
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FIG. 3. Effect of k, on the dissociation progress curve. Equation
[11) was used to generate model data sets using the following parame-
ters: R, = 15,000 RU, R, = 2000 RU, and k, varied from 102 to 107
s™". (A) Dissociation progress curves over a 10,000-s time period, (B)
the same curves over the first 2000 s. Gaussian of +1 RU was added to
all model data sets to better simulate real BIAcore data.

determined from both the association and the dissocia-
tion phases.

In contrast to the limited time available to observe
the association phase, the dissociation phase may be
observed with buffer flow for an extended period of

TABLE 3

Determination of the Dissociation Rate Constant

Calculated parameter values (z % SD)?

Input k&, (s™})° ky R, R

t—

1%x107°® 9.96 X 1077 (x0.90) 1988 (+1.42) 15,012 (+0.19)

1x10°° 1.00 X 107% (£0.50) 1995 (+0.40) 15,005 (+0.06)
5x107° 4.95 X 107% (+£0.09) 2015 (+£0.07) 14,985 (+0.01)
1x 107 9.97 X 107° (x0.04) 2003 (+0.03) 14,997 (+0.0)
5% 107 5.00 X 107 (£0.01) 2000 (+0.01) 15,000 (+0.0)
1x107® 1.00 X 107% (£0.02) 2000 (+£0.01) 15,000 (+0.0)

?The parameter values used to generate the data sets were as de-
scribed in the legend to Fig. 3.

b Curve fitting, according to Eq. [11], was performed by floating all
three parameters.
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FIG. 4. Nonlinear least squares analysis of the dissociation of the

sCD4-L71 complex. sCD4 at a concentration of 10 nM was injected
across the immobilized L71 layer as described under Materials and
Methods. After the sample plug had traversed the layer, the process
of dissociation was followed for 10,000 s. The data were then analyzed
according to Eq. [11] as described. The actual data points (1 per sec-
ond) and the calculated line are shown on the graph. A residual plot,
which is basically random with an amplitude of +2 RU, is also shown.
The fitted parameters for this data set were: k; = 3.98 X 107° + 7.13 X
10%"! R, = 401 + 1 RU, and R, = 15,302 = 1 RU.

time. Model data sets generated according to Eq. [11]
demonstrate that dissociation rate constants to as low
as 107® s7! can be distinguished from one another (see
Fig. 3). Table 3 demonstrates that the parameter values
used to generate the data sets shown in Fig. 3 can be
derived from these data sets with good accuracy. Taken
together, therefore, these model data (Figs. 1-3 and Ta-
bles 1-3) suggest that the most thorough analysis of
BIAcore data includes analysis of both the association
and the dissociation phases of the interaction, particu-
larly if the equilibrium binding constant for the interac-
tion is high. Furthermore, since one’s ability to extract
dissociation rate constants from the association phase
is dependent on the magnitude of the dissociation rate
constants, we suggest that the dissociation process be
analyzed first. The above described modeling studies
are not presented to define the absolute limits in the
magnitude of kinetic rate constants that can be deter-
mined using the BIAcore, but merely serve to illustrate
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the importance of analyzing both the association phase
and the dissociation phase of the interaction under in-
vestigation. It is the belief of the authors that for kinetic
analyses using BIAcore, the dissociation phase should
be analyzed first to yield a relatively precise and unam-
biguous value of k; which can then be used to constrain
the analysis of the association phase to yield a better
estimate of &,.

Data Analyses

Based on the above discussion, it is clear that careful
analysis of the dissociation phase is important since the
magnitude of the dissociation rate constant will deter-
mine what effect, if any, dissociation has on the associa-
tion phase of the interaction. Stated another way, if the
dissociation rate constant is sufficiently small, then the
association phase contains little or no information
about the dissociation process (see Fig. 1B). In the pres-
ent experiments, dissociation data were collected for
10,000 s at a rate of 1 Hz.

At the end of the injection of ligate, as the flow cell
reverts to buffer flow, there is a period of time in which
the instrument response contains a component due to
the change in bulk refractive index of the two solutions
(i.e., ligate versus buffer). This usually lasts for 20-30 s.
In the present studies, therefore, the first 30 s after the
sample has traversed the flow cell was routinely omitted
from the data set prior to analysis. An example of analy-
sis of the dissociation process, according to Eq. [11] is
presented in Fig. 4. It can be seen from this figure that
the data are described well by Eq. [11] with a derived
apparent dissociation rate constant, k,, of 3.98 x 107
s7!. The residuals for this data set have a magnitude of
+2 RU and are random. The magnitude of the residuals
demonstrates the high quality data that can be obtained
on the BIAcore and are a measure of goodness of fit to
Eq. [11]. Since the data presented in Fig. 4 are well de-
scribed by a single exponential decay (Eq. [11]), it can
be concluded that the assumption that desorbed ligate
does not reassociate with the layer is valid. From the
modeling studies presented in Fig. 1, it may also be con-
cluded that we would not be able to accurately derive an
apparent g, of this magnitude from the association data,
demonstrating the importance of analysing the dissocia-
tion data first. Not all data sets, however, fit as well as
that presented in Fig: 4. Indeed, nonrandom residuals
are often observed and:may reflect the mechanics of the
instrument, particularly valve switching, syringe filling,
pump noise, and temperature fluctuations. Even in such
cases, the residuals have a magnitude of no more than
+4 RU.

Another phenomenon observed in the present study
is that at high ligate concentrations (100 and 50 nM), the
dissociation process is not a single exponential decay
but, rather, can more accurately be described by a dou-
ble exponential decay defined as
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FIG.5. Multiple dissociation of bound sCD4. The dissociation of the sCD4-L71 complex formed after injection of 100 nM sCD4 fit according
to a single exponential (Eq. [11], (A) and a double exponential (Eq. [12], (B). The magnitude and associated apparent dissociation rate
constants determined from the double exponential fit were: R,; = 41 RU, k,;, = 7.6 X 107*s™', R, = 1270 RU, k,, = 5.26 X 107° 57",

R, = {Rale_kdlt t+ Raze_kdzt} ol (e [12]
where R,_. ., is the response at infinite time and repre-
sents complete dissociation, R,, is the amplitude of the
dissociation process with a rate constant of ky;, and R,
is the amplitude of the dissociation process with a rate
constant of k4. An example of this apparent multidis-
sociation process is presented in Fig. 5. A comparison of
a single exponential fit (Eq. [11]; Fig. 5A)-and a double
exponential fit (Eq. [12]; Fig. 5B) suggests that at least
two types of complexes are formed on the sensor chip
surface as one approaches saturation. A single exponen-
tial fit results in nonrandom and relatively large resid-
uals whereas a double exponential fit resuits in resid-
uals which are significantly more random and smaller in
magnitude (Figs. 5A and 5B, respectively}. in addition,
the xZ value decreases significantly by inciusion of the
second exponential. The magnitude and associated ap-
parent dissociation rate constants determined for this
data set according to Eq. [12] were: R,, = 41 RU, k;, =
759 X 107*s™!, R, = 1270 RU, and k,, = 5.26 X 107°s™".
It should be stressed that the second dissociation event
determined for the data set presented in Fig. 5B is small,

accounting for only about 3% of the total dissociation,
but is reproducibly determined in such data sets and
would therefore appear to be significant. In the process
of immobilization the ligand randomly associates with
the surface resulting in multiple orientations and, po-
tentially, multiple affinities for the ligate. Lower affin-
ity binding sites would become more prevalent as one
approaches saturation of the surface. This is observed
in the present investigation (compare Figs. 4 and 5).
This phenomenon would be expected to be highly ligand
dependent and suggests caution be exercised in analysis
of dissociation data. An alternative explanation for the
apparent double exponential dissociation process
shown in Fig. 5 is that the more rapid decay is not due to
weakly bound ligate, but rather to sequestered ligate
diffusing out of the dextran matrix. The magnitude of
this effect would also be expected to increase with in-
creasing ligate concentration. However, it should be
stressed that careful analysis of dissociation data allows
one to discern such events and if necessary to character-
ize each process, as shown in Fig. 5.

Apparent multidissociation processes have previ-
ously been described in the analysis of BIAcore data
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FIG. 6. Nonlinear least squares analysis of the association of sCD4
to immobilized MoAb L71. The association progress curve obtained
for the binding of 10 nM sCD4 to immobilized L.71 was analyzed ac-
cording to Eq. {7]. The actual data points (1 per second) and the
calculated line are shown on the graph. A residual plot, which is basi-
cally random with an amplitude of +1 RU, is also shown. The fitted
parameters for this data set were: k, = 1.04 X 10° £ 5.13 X 10°M~'s7,
R = 1574 + 7TRU, R, = 15,123 £ 0.1 RU.

max

(10,12). However, these reports have used the linear
transform of the rate equation, described by Eq. [9].
The nonlinear plots of In(R,/R,) versus (¢, — t,) ob-
tained by these authors have been interpreted as multi-
dissociation processes and the individual k,; values have
been derived by arbitrarily drawing straight lines
through portions of the data. Under such circum-
stances, use of linear least squares methods is an ap-
proximation only. There is no reason why these data
should not be analyzed directly, as described here using
nonlinear methods, avoiding any assumptions.

As described above for the dissociation phase, on in-
jection of ligate there is a period lasting from 20 to 30 s,
in which the response reflects not only the binding event
per se but also changes in the bulk refractive index. Rou-
tinely, therefore, the association data set starts at a de-
fined time after the injection point, in this case at ¢t = 30
s. The association phase is fit according to Eq. [7] and
an example of such an analysis is presented in Fig. 6. As
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can be seen, the residuals are small (+2 RU; +0.5%) and
random. The apparent association rate constant calcu-
lated from the data presented in Fig. 6 was 1.04 X 10°
M~! s7!. Since the data set starts at R,_,,, one of the
fitting parameters is the response at time zero, i.e., K;.
According to the above discussion, an association pro-
cess with an apparent dissociation rate constant of 3.98
X 107% 57! contains little or no information on the disso-
ciation process. Therefore, the data set presented in Fig.
6 was analyzed according to Eq. [7], but holding the
dissociation rate constant at 3.98 X 107° s™! since this
was accurately determined from the dissociation pro-
cess.

There is at least one report (11) in the literature of
apparent biphasic association data obtained on BIA-
core, for the interaction of antibodies to immobilized
peptides, in that dR/dt versus R plots (Eq. [4]) were
nonlinear. The authors arbitrarily derived apparent k,
values from this data by drawing straight lines through
the nonlinear data. As mentioned above, this analysis is
only an approximation since Eq. [4] describes a single
interaction between species A and B to form complexes,
AB, and does not account for other interactions. We
have also observed interactions on the BIAcore which
can best be described by two independent interactions
(O’Shannessy et al., unpublished results). Such a phe-
nomenon can be described by Eq. [13]

R _ CkalRmaxl[l B e_((c’eal+kdl)t]
‘ Ck,y + kg

Cka2Rmax2[1 - e_((Ckaz+kd2)t)]

Ckyy + kyy

} + R;, [13]

where k,, and k,, are the rate constants describing one
interaction with a maximal response of R_,,,, and k,,

TABLE 4

Values of Apparent Rate and Equilibrium Binding Con-
stants Determined for the Interaction of sCD4 with Immobi-
lized MoAb L71

[sCD4] Apparent k, Apparent k, Apparent K,
(nM) (10* M~'s™") (1075571 (107" M)
100 963+041(n=5) 539+0.79(n=25) 5.60 + 0.84
50 869+152(n=5) 569+1.10(n=4) 6.55 + 1.71
25 6.70 £ 0.86 (n = 5) 481 043 (n =4) 718 + 1.21
10 9.69 + 2.80 (n = 5) 3.72+£0.30(n=4) 3.84 £ 1.16
5 6.53 + 2.36 (n = 3) ND*
1 7.33 £ 0.76 (n = 3) ND
— 8.156+223 (n = 26) 493+1.01(n=17) 6.05 + 2.06

Note. Values for the apparent k, and apparent k, represent the
mean and standard deviation of at least three independent experi-
ments for each sCD4 concentration. The apparent k, was determined
from the association phase and the apparent k; was determined from
the dissociation phase data as described in the text.

2 ND, not determined.
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FIG. 7. Invariance of the apparent association and dissociation

rate constants with ligate concentration. The apparent association
rate constants, k,, and apparent dissociation rate constants, k4, pre-
sented in Table 1 are plotted against ligate concentration, (A and B,
respectively). Both apparent rate constants are basically invariant
with ligate concentration, although some scatter is observed. Linear
regression analyses of these data are presented in the figure. Error
bars represent the standard deviation from the mean for at least
three independent experiments at each ligate concentration. Linear
least squares analyses resulted in the following: (A) Apparent associa-
tion rate constant, f(x) = 0.019xx + 7.57 and R? = 0.12; (B) apparent
dissociation rate constant, f(x) = 0.015+x + 4.19 and R? = 0.29. ¢ test
analysis of these data demonstrated that the apparent association
rate constant is invariable with ligate concentration (a = 0.05, p =
0.08) and that the apparent dissociation rate constant shows some
dependence on ligate concentration (a = 0.05, p = 0.02).

and k,, are the rate constants describing the second in-
teraction with a maximal response of R_,.,. As de-
scribed above, biphasic association data may also be ex-
plained by a nonspecific binding component.

While multiple association and dissociation processes
can be treated approximately using linear methods,
analysis of data directly using nonlinear methods is
clearly an advantage.

With few exceptions, kinetic rate and equilibrium
binding constants reported in the literature, as derived
from BlAcore data, contain no information on the
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TABLE 5

Linear Least Squares Analysis of Derivative Plots
dR/dt versus R

[sCD4] nM k° (n)
100 9.54 + 102 £ 5.77 X 107™* (n = 5)
50 4.30 = 1072 £ 5.70 X 107 (n = 5)
25 169+ 107+ 231 X 107 (n = 5)
10 1.01 + 107%+ 264 X 1074 (n = 5)
5 853+ 107* + 245X 107* (n = 3)
1 126 107 + 207X 103 (n = 3)

¢ Values represent the mean and standard deviation of at least
three individual determinations of k, at each concentration of sCD4.
The numbers in parentheses represent the number of replicate exper-
iments. Derivative plots (dR/dt versus R) were calculated by point to
point methods.

errors associated with or the reproducibility in such de-
terminations. This is curious since the automation of
the BIAcore readily allows for multiple binding/dissoci-
ation events to be performed with limited hands-on
time. This feature of the BIAcore means that generating
binding data from multiple injections of ligate, at a num-
ber of concentrations, is relatively painless but allows
for athorough statistical analysis of the derived parame-
ters. Given this, we were interested in assessing the re-
producibility in the determination of the apparent ki-
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FIG. 8. Linear least squares analysis of BIAcore binding data ac-
cording to Eq. [5]). A derivative analysis (point-to-point) of the associ-
ation phase of each binding experiment was performed and the slope,
ks, determined by linear regression analysis according to Eq. [4]. The
average slope calculated for each ligate concentration was plotted
versus ligate concentration according to Eq. [5]). Linear regression
analysis resulted in the following parameter values: k, = 8.83 + 2.23 X
10*M s 'and k, = 2.98 X 107* + 2.04 X 1073s™'. Error bars represent
the standard deviation from the mean for at least three independent
experiments at each ligate concentration. Linear least squares analy-
sis resulted in the following: f(x) = 883 ¢ — 5% X + 298 ¢ — 4 and
R% = 0.97.



KINETICS OF MACROMOLECULAR INTERACTIONS

netic rate constants for the interaction of sCD4 with
immobilized MoAb L71. Therefore, multiple samples of
sCD4 at a number of concentrations were injected as
described under Materials and Methods. The data were
analyzed as described above (according to Eqgs. [7] and
[11]) and the results are presented in Table 4. A t test
analysis of the concentration dependence of the appar-
ent association and dissociation rate constants is shown
in Fig. 7. The apparent association rate constant was
determined to be invariant with ligate concentration,
i.e., nonsignificant at « = 0.05, actual p value = 0.08.
However, the apparent dissociation rate constant was

shown to be ligate concentration dependent, i.e., signifi- .

cant at o = 0.05, actual p value = 0.025. It should be
noted that the range of concentrations for which we
have apparent dissociation rate constants is smaller
than that for the apparent association rate constants.
To better define the significance or otherwise of the ap-
parent dependence of the dissociation rate constant
on ligate concentration, further experiments are
warranted.

As discussed above, this analysis (relationship of rate
constants to ligate concentration) would not be possible
using the linear least squares methods recommended by
the manufacturer. From the data presented in Table 4,
the apparent equilibrium binding dissociation constant,
Kp,, for the interaction of sCD4 with immobilized MoAb
L.71 was calculated to be 6.05 + 2.06 X 107 M~

Finally, a direct comparison was made between the
linear least squares analysis recommended by the manu-
facturer of the BIAcore and the nonlinear least squares
method described here. From plots of dR/dt versus R on
the same data presented in Table 4 analyzed according
to Eq. [4], slopes, ks, were calculated for each ligate in-
jection at six concentrations. The values obtained are
presented in Table 5 and displayed graphically in Fig. 8.
Analysis of the ks versus C plot (Fig. 8) according to Eq.
[5] resulted in the following parameter values: &, = 8.83
+223x10*M ‘s tand ky = 2.98 X 107* + 2.04 X 1072
s”!. Interestingly, the apparent association rate con-
stants calculated by the nonlinear least squares and lin-
ear least squares methods are similar, ¢f. 8.15 + 2.23 X
10* and 8.83 + 2.23 X 10* M~ s7!, respectively. Impor-
tantly, the apparent dissociation rate constant derived
using the linear least squares approach is approxi-
mately sixfold greater than that determined using the
nonlinear least squares approach and has a significantly
higher associated error, cf. 2.98 X 107* + 2.04 X 107 and
4.93 + 1.01 X 107%s7. To be fair, the manufacturer does
recognize the fact that derivation of the apparent disso-
ciation rate constant from a plot of ks versus C is not
possible when the k, is low.

From the foregoing discussion it is evident that some
care must be taken in the analysis and interpretation of
kinetic data generated on the BIAcore. Quantitative ki-
netic data can be obtained using SPR; however, the
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most robust analysis of such data is obtained by analysis
of the primary response using a nonlinear least squares
approach. Analysis of BIAcore data according to Eqgs.
[7] and [11] by nonlinear least squares methods allows
for the determination of the apparent kinetic rate con-
stants, k, and k,, for each binding experiment and fur-
ther allows for the estimation of the parameter asso-
ciated errors in a way which directly reflects errors in
the primary data. This is in contrast to the data analysis
methods which rely on linear transformations of the
primary data which result in a single value for both the
association and the dissociation rate constants. This
feature of nonlinear least squares analysis methods is
important since it allows for the validation of the kinetic
model being used to describe the process. The law of
mass action requires that the rate (and equilibrium bind-
ing) constants be invariant with concentration. The
data presented in Table 4 demonstrate that, for this
system, this is probably the case (see Fig, 7). Since the
BlIAcore injection system is automated, generating mul-
tiple data sets at multiple ligate concentration is not
only easy, but is also essential for a complete kinetic
analysis. It should also be noted that the present kinetic
models are the simplest case scenario, in that they de-
scribe the interaction of two well behaved macromole-
cules. This will not always be the case for interactions
studied by SPR. We, and others, have observed interac-
tions that do not fit the simple Langmurian equation
but can best be described by multiple independent in-
teractions, as described by Eq. [13] (O’Shannessy et al.,
unpublished results). The more complex the kinetic
model, the more difficult it will be to analyze by linear
least squares methods. In contrast, encoding and analyz-
ing more complex kinetic models by nonlinear methods
is straightforward. Finally, it should be reemphasized
that for kinetic analyses of BIAcore data, the dissocia-
tion phase should be analyzed first to yield a relatively
precise and unambiguous value of the dissociation rate
constant, k4, which can then be used to constrain the
analysis of the association phase to yield a better esti-
mate of the association rate constant, k.
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