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ABSTRACT. Accurate determination of kinetic rate constants for interacting biomolecules requires knowledge
of the active concentrations of the participating molecules. Also, in other biomedical and clinical
applications, sensitive, precise and accurate methods are needed to determine the concentration of
biologically active molecules, which frequently constitute only a fraction of the total molecular pool.
Here we report a novel development of the approach to determining active concentrations based on surface
plasmon resonance (SPR) technology. The method relies on changes in binding rates with varying flow
rates under conditions of partial mass transport, and does not require standards of known concentrations,
given that the molecular mass of the molecule of interest is known. We introduce an analytical solution
to the differential equations describing the formation of a 1:1 bimolecular complex, taking into account
both the association and dissociation reactions, under partial mass transport limitations. This solution can
be used in global fitting to binding curves obtained at different flow rates. The accuracy, precision, and
sensitivity of this approach were determined in experiments involving binding of tyrosine-phosphorylated
recombinant proteins to anti-phosphotyrosine antibodies, where the active concentration could be determined
independently by in vitro phosphorylation witfP. There was an excellent agreement between the active
concentrations determined by the analytical SPR-based method and by determination of the level of
radioactivity of the phosphorylated protein. The SPR-based method allows determination of protein
concentrations at picomolar levels. A procedure for accurate determinations of association and dissociation
rate constants, based on the analytical solution of the mass transport and binding theory, is outlined.

Biological functions result from myriads of specific is needed is the concentration of the components that actively
interactions between molecules, particularly proteins, where participate in each type of reaction, i.e., the active concentra-
selective binding is the basis for specificity. Thus, in both tion of that molecular species. With the increased use of
practical applications and biomedical research, it is crucial recombinant proteins and monoclonal antibodies, both in
to have access to methods for determination of specific basic research and in clinical medicine, this is a problem of
binding interactions. A prerequisite for such determinations significant magnitude, as both categories are characterized
is knowledge of the concentrations of the participating by the presence of large fractions of molecules, which do
molecular species. However, since only a fraction of the not have the right folding and accordingly are inactive.
proteins in a population, which might appear to be identical |t js not a trivial task to determine the active concentration
when analyzed by chemical or physicochemical techniques, 5t 5 specific biomolecule. The potency of a biologically
may have the conformation or structure needed for the 5.iive substance or a therapeutic product can be demonstrated
specific binding, it is not enough to determine the total p, tesiing its biological activity, using cell cultures, tissue
concentration of the chemically identical components. What preparations, or whole animals. Most biological assays are,
however, not as precise and reproducible as physicochemical
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of known concentrations, i.e., a standard calibration curve bimolecular interaction, analytical integration becomes dif-
is not needed. Furthermore, this method can be used toficult or impossible” @). The alternative has been to
determine active concentrations of biomolecules in a crude approximate an analytical solution by numerical integration
mixture of many different molecular species. and to combine this with global curve fittin@)( With such

In a typical experiment utilizing SPR detection, a selective an approach, interactions can be analyzed in which both
surface is created by covalent immobilization of a specific chemical binding and mass transport are operating. A simple
ligand to the surface of a sensor chip. A sample (analyte) model based on this approach has been proposed by Myzska
solution is then injected at a constant flow rate. The detectedet al. @), where the observed binding is treated as a two-
signal is based on changes in the refractive index, which step process: transport of analyte to the surface, followed
are proportional to the level of accumulation of mass at the by a reaction with the immobilized ligand. This has been
binding surface ). Because the data are recorded versus termed the “two-compartment model”, which at present
time, it is possible to determine both the analyte concentrationserves as the basic module for the majority of the models
and the rate constants for the anaifigand interaction since  used to analyze kinetic data obtained by flow cell SPR
the signal recorded from the flow cell detector results from detection.
a combination of both chemical processes (i.e., binding Less attention has been devoted to the subject of active
kinetics) and transport processes (diffusion and flow). The concentrations of the molecules subjected to kinetic interac-
sensorgram, depending on the experimental setup, may reflection studies. This problem is usually underestimated in the
the following three conditions: (i) rate-limiting binding, (i) literature, but for accurate determination of true kinetic
rate-limiting mass transport, and (iii) a combination of (i) constants, it is mandatory to know the real, active concentra-
and (ii). Condition (i) applies when the mass transport is tions of the interacting components. A theory for molecular
much faster than the binding reaction. Condition (ii) describes binding at conditions of partial mass transport in a two-
the opposite situation, when the binding is much faster than compartment model was elegantly worked out by Christensen
the transport of molecules to the surface. A method for (1), who formulated an analytical solution. His approach has
determination of antibody concentration, utilizing this condi- been used to determine active concentrations of both purified
tion, has been described by Karlsson et 4). Conditions and complex mixtures of proteing@ 11). However, in the
(i) and (i) can be regarded as special cases, becausenalytical solution of the differential equations resulting from
experimentally they are not easily obtained in a flow cell. this theory, Christensen restricted his analysis to the initial
For a continuous-flow system, e.g., a BlAcore instrument, binding phase where molecular association dominates,
condition (iii), a partial mass transport limitation, describes neglecting the effects of molecular dissociation on the overall
a more general situation. At flow rates that are operative in reaction. Unfortunately, this limits the usefulness of the
a BlAcore flow cell, the flow is laminar and follows a method, particularly with respect to judging the validity of
parabolic velocity profile within the detection chamber, the concentration determination. We have now been able to
giving rise to a concentration gradient from the center of solve this problem, and present here a more general and
the channel toward the interacting surface. Thus, during complete analytical solution to the process of macromolecular
sample injection, the analyte concentration at the surface will binding at conditions of partial mass transport, accounting
be lower than in the bulk flow. If one does not properly for the whole binding process, including the dissociation.
account for this, systematic errors can occur in the deter- We compared our analytical solution, which is based on the
mination of kinetic binding constants. However, this situation same quasi-steady state approximation that Christensen used,
can also be advantageous for active concentration determinawith a numerical solution of the equations describing the
tions. two-compartment model, and found an excellent agreement

Significant progress has been made in the developmentbetween the two approaches. We also present an experimen-
of methods for obtaining kinetic information from biosensor tal verification of the concentration determination based on
data. The major approaches, in historical order of appearancethe analytical approach. Because we now can perform a
have been linearizatiorb), nonlinear least-squares curve global analysis of the entire binding phase, we demonstrate
fitting with analytical integration®), and numerical integra-  that this approach can be used to determine the concentration
tion in combination with global curve fitting7§. A meritori- ranges in which the analysis gives accurate, valid results.
ous comparison of these three methods has been performe€onditions under which the molecular system does not
by Morton et al. 8). The first two methods apply for a simple behave ideally, e.g., due to aggregation, can accordingly be
bimolecular interaction (A+ B < AB) without mass identified and sorted out.
transport limitations, which considerably limits their versatil-
ity for practical analysis, where mass transport and more THEORY
complex interaction mechanisms may be involved. Until
now, an analytical solution has only been worked out for a
simple bimolecular interactiors). It has even been stated
that “for reaction schemes more complex than a simple

Basic TheoryThe basic theory has been described in detail
by Christensen), and is briefly summarized here. The
physical system is composed of a sensor surface bearing a
specific ligand, and a ligand-binding analyte in a soluble
phase, which is flushed over the surface. In a two-compart-
1 Abbreviations: SPR, surface plasmon resonance; CEACAM1, ment model 9), the interaction between the ana]yte and the

carcinoembryonic antigen-related cell adhesion molecule 1; A-TC- |. . . _
QSSA, analytical solution of the two-compartment model with a quasi ligand can be described by the following two-step process

steady state assumption; NI-TC, numerical integration of the two-

compartment model; GST, glutathiorfgtransferase; IRK, insulin

receptor kinase; cRU, corrected response units; kRU, kilo response AbwkTAsurface_'_ B TAB 1)
units.
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where the first step describes the mass transport of thechamber. Insertion of eq 5 into eq 3 gives
analyte, A, between the bulk flow and the surface. The
second step describes the chemical interaction leading tothe ~ d[AB] | [kdApud + K[AB]
formation of a complex between A and the ligand, B, at the d k. + k[B]
surface of the sensor. In eq i, is used to denote the mass
transport coefficientk, is the association rate constant, and which describes the formation of a 1:1 complex between A
kq is the dissociation rate constant. Experimentally, conditions and B under partially limiting mass transport conditions.
where either mass transport or binding kinetics are exclu-  Analytical Solution to the Association Phadénder the
sively rate-limiting are, however, difficult to reach. Thus, experimental conditions in a flow cell biosensor (referring
under most circumstances, the system will operate underto a BlIAcore instrument), the analyte bulk concentration is
conditions of partially limiting mass transport, meaning that kept constant by a continuous injection of fresh analyte
both steps in eq 1 have to be considered, which can besolution at a constant flow rate. The amount of unoccupied
described by the following equations ligand, i.e., [B], decreases with time until equilibrium is
reached. Thus, the free ligand concentration, [B], at a
dlAgurmacd particular moment is given by

dt
kc([Abulk] - [Asurfacg) ka[AsurfacJ[B] + kd[AB] ( ) [B] - [BO] a [AB] (9)

Ngis where [B)] is the total amount of ligand on the surface (i.e.,
available binding sites) at time zero and [AB] is the amount
and of complex formed at timet of analyte injection. The
response signalR, measured by an SPR-based sensor is
_ proportional to the amount of complex formed at the detector
= kdAsuracd[B] — k[AB] (3) surface multiplied by the factavl,,G, i.e., R = M,,G[AB],
whereM,, is the molecular mass of the analyte a&ds a
where factor converting the concentrationRovalues G = 1000(R
3 cn/g of protein) B). When all the immobilized ligand has
o Dhwl been fully bound into a complex, [AB} [Bg] andR = Ryax
hi = \/ F (4) (i.e., a theoretical maximum value). Equation 8 may now
be written inR units by inserting eq 9, multiplying through
is a characteristic height of the diffusion layer that links the by the factorM,,G, and setting [Au equal toCa
change in concentration expressed per surface area ([AB])
and per volume ([Auwfacd) (1). The diffusion coefficient of dR _ ( _ M, GKkC, + KR
the analyte is denoted, while F is the bulk flow rateh, w, dt Ke(Rmax M,,Gk. + Ky(Rax— R
andl are the height, width, and length of the flow chamber,
respectively. If the diffusion coefficient is not known, it can Dividing through by Ry and settingf equal to R/Ryax
be estimated from the molecular mass of the analyte, utilizing transforms this equation into
Stoke’s law together with the Einsteitbutherland equation

)[B] — k[AB] (8)

d[AB]

~ KR (10)

(12). do (1— 0). (M, Gk Cp)/ Ryt k0 — KO
If quasi-steady state conditions are assumeg), (i.e., d ke (M, GK/R s+ k(1 — 6) Ky
d[Asurtacd/dt = 0, and with rearrangement of eq 2, the )
following expression for the analyte concentration at the — k(- 0) (M,,Gk.Cp)/(kyRa0 + € y
surface is obtained: .(MWch)/(kaRmax) +1-9
_ kfApd + kJAB] .y
[AsurfacJ - kc + ka[B] (5) = kd(l - 9) m - kd6 (11)
where wherea andf are the dimensionless parameters
3 > a= MWGKCCA — MWGKZ (12)
kc= CkC _EWF (6) demax ’ kaRmax
hwl
2 Next, whent = k¢t and one divides through b, the pure
and dimensionless form of the equation becomes
1— (1,017 de =Q1- 0)(ﬁ axo 0) 0 (13)
C =147—"— @) T1-=
ke 1-1,

This is a separable differential equation that may be solved

where |; and |, are the lengths to the start and end, by integration {4), giving the solution
respectively, of the detection area from the inlet of the flow

cell (1). Equation 5 describes the average of a concentra- = o
tion gradient that forms along the surface of the flow OH‘ﬁ (a+ﬁ)

— (. +p)o
- ] (14)
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explicit in time, taking into account the equaliti@s= 0 at or equivalently
7 = 0. This form is not the most desirable for parameter
estimation purposes, so we set out to transform this result o ( Pl+ o+ ,8)
to yield a form explicit inf. This can be done by first making T o+ ﬁ
the variable substitution 2
M _m+mTH“&
5t (@t B s ﬁa+a+m AL+ o+ f)

pL+a+p) which is another fully equivalent solution to eq 13, explicit

Co _ in 6 as required.
which implies tha. = (a. + )0 = ﬁ(1.+ « + P)¢ a_”d‘_’ With a definition of the dimensionless parameters
=[oo — (1 + a + B)¢)/(a + B) and using this substitution

in eq 14 to give ‘= o  — o _ ((x—i—ﬂ)z
a—BL+a+p et pltat ) Lt atp)
R 4o
and given that = R/Rnax andt = kdt, the solution (eq 18)
pl+o+p) In pa+atp to the original eq 10 becomes
(o + p)y?
_ _ 1 Ko—Kaket
1 R= Ry K| 1 = WK (20)
= Ao —BL+a+pne+ 2
(a+f) h
mVa+a+ﬁwn) et
a C
S B (21)
which is equivalent to aka kg
2
CR) R gNPN (R R0, N Ko = Sk e 22
AL+ o+ f) o (Caky + kkeM,G + KkRrax
Applying exp&) = e to both sides of eq 16 then gives K = (Caky + ky)’k M, G 23)
® Kl(Caky T kkM, G + kkgRg]
—(+py| _ o B+ at P
ﬂ(l +a+p) ¢ o The solution is somewhat complicated, partly due to the fact
AL+ a+ P that it contains the functiodMx) and it has the four
= — T parametera, ki, kg, andRnax in rather complex combina-
o tions, but it is an exact solution to the original eq 10 that
should be valid whenever mass transport is partially limiting.
or Analytical Solution to the Dissociation Phaskn the
5 dissociation phase, differential eq 13 still holds, but since
el = a oxd &= (o +pB)7 17)  Ca=0.itfollows thato = 0 which implies that the equation
L+ o+ p) L+ o+ p) in this case is
At this stage, it should be noted that the functipr= e’ a0 _ (1- 9)(%) —0 (24)
is invertible for¢ = —1 and the inverse is usually termed de +1-6

Lambert'sW function (15). In other words, the functiom/(y)

is defined fory = —1/e, and it has the property tha{¢pe?) which after simplification becomes

= ¢ wheng¢ = —1. The algorithm for computing the values do B+11 11
of W(X) whenx = —1/e, with an implementation in the ar _(TE _B)
computer language C, has been worked out by Brigés (
Applying W(y) to both sides of eq 17 gives This is again a separable differential equation that can be
) solved by integration, giving
o a—(a+pB)7
¢=mw@rﬂ% w% o
PA+a+p) | pA+a+p) O BtLlpng-21 Bt g ooy

b P BB

which after elimination ofp, using the substitution (eq 15), . . : L
4 g (eq 15) wheretg is the time of the start of the dissociation phase

becomes and 6, is the value off at that time, giving
(o +p)o _ (ot p)e 0 B+1,
ﬂﬂ+a+ﬂf44ﬂﬂ+aﬂiﬂw%ﬂl+a+m] p-p moTrrh (29)
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where

_0 _p+1
‘=58

By using the substitutio® = —(1 + )¢, eq 25 becomes

p+1

8 In[—(8 + 1)¢] = —(z + L)

or

6+ In(—¢) = —(r + )=L—

GG+

By applying exp to both sides of this equation, we then obtain

1

B+1

_ped = 9 — - (rHLAIEHD

or

1

B+1

—(r+L)BI(B+1)

e’ = — (26)

Now we can apply Lambert’8V function to both sides of
this equation to obtain

6= W(pe") = V\{_ ﬁ%le*(rﬂ)ﬁ/(ﬂﬂ) 27)
and substituting back gives the solution
0=—(8+ 1)\/\{_ /3__3:-_1 o (BB (28)
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where
Ko = —MW%‘Z P (35)

EXPERIMENTAL PROCEDURES

ReagentsAll reagents for interaction analysis, including
sensor chips CM5 and SA, surfactant PRBhydroxysuc-
cinimide (NHS),N-ethyl-N'-[(3-dimethylamino)propyl]car-
bodiimide hydrochloride (EDC), etanolamine-HCI, poly-
clonal rabbit anti-mouse Fcantibody (RAM Fg:BR-1000-
57), and rabbit anti-mouse 1gGi{mouse 1gG1:BR-1000-
55), were obtained from Biacore AB (Uppsala, Sweden).
Glutathione-Sepharose, Hi-Trap protein G columns, and
adenosine "5[y-*3P]triphosphate ¥2500 Ci/mmol) were
from Amersham Pharmacia Biotech (Uppsala, Sweden).
Yeast extract was from Merck KGaA (Darmstadt, Germany).
Isopropyl thiog-p-galactoside (IPTG) was from Saven
Biotech AB (Malmig Sweden). Ampicillin was from DUCH-
EFA (Haarlem, The Netherlandg}-Insulin receptor kinase
(206104) was from Stratagene.

Preparation of Recombinant Proteinshe construction
of recombinant proteins of wild-type and mutated cytoplas-
mic domains of mouse CEACAM1-4L17), herein termed
CEACAMI1-L [Leyt-wt, Leyt-Y515F (herein denoted YF),
Lcyt-F488Y (herein denoted FY), and Lcyt-Y488F/Y515F
(herein denoted FF)], fused with GST using the pGEX-2T
vector system, has been described previouk8). (Proteins

The negative signs in eq 28 are not an error. It can be provedyere produced ifEscherichia coliBL21. Protein synthesis

mathematically that

1 iy _ 1
B+ 1e <e (29)
wheneverr > t,. Therefore, the argument ¥(y) in the
equation always lies betweere™* and 0, implying that the
value is defined and negative (see Appendix A). The negative
sign at the start of the expression then makes the total resul
positive.

Via definition of the parameters

p

K4:ﬂ+l,K5:m (30)

and given that) = RIRnax 7 = kit, andR = Ry attp, which
is the start of the dissociation phase, the solution (eq 28) to
the original eq 24 becomes

R= _RmaxK4 — %e—[wﬁﬂa«ﬁ'(skd(t—to)]] (31)
or
R= _K6 — E_(;e[Ro/KeJrKskd(tto)]} (32)

t

was induced with IPTG (0.2 mM). Purification of the GST
fusion proteins was performed by affinity adsorption on
glutathione-Sepharose according to a standard protocol from
the manufacturer (Pharmacia). Buffer exchange and further
purification of recombinant proteins was carried out on a
Superose 12 prepacked column attached to a FPLC 500
system (Pharmacia AB). Concentrations of purified GST
| cyt proteins were determined with absorption spectroscopy,
using the following molar absorptivity values (280 nm):
43 480 Mt cm* for GST—Lcyt-wt, 42 200 Mt cm™? for
the singly mutated forms GSILcyt-Y488F and GSTLcyt-
Y515F, and 40 920 M cm™* for the doubly mutated form
GST—Lcyt-Y488F/Y515F and for GST. Further character-
ization was performed by SDSPAGE on 10% gels19)
stained with Coomassie brilliant blue.

Protein Phosphorylation and Concentration Determina-
tion. Phosphorylation of GSTLcyt proteins was catalyzed
by a recombinant kinase domain of the human insulin
receptor B-insulin receptor kinase (IRK)]. A freshly prepared
aqueous stock solution of 5 mM ATP (determined from a
molar absorptivity of 15.4 10® at 259 nm and pH 7.0) and
a 10-fold dilution of the §-33P]JATP stock solution were
analyzed on a reverse phase R2/M 4.6/100 column (PerSep-
tive Biosystems) attached to a Waters 2690 chromatography
system. Both stocks were verified to be98% pure ATP
with regard to hydrolyzed contaminants. Substrate concentra-
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tions in the phosphorylation reaction were 28M (1.0 mg/
mL) GST-Lcyt and 0.50 mM ATP; the radiochemical
concentration of -3P]JATP was 0.25Ci/uL. The phos-
phorylation was carried out in a solution consisting of 2 mM
MnCl,, 10 mM MgCh, 50 mM Tris-HCI (pH 7.4), 1 mg/
mL BSA, and 0.5 unigiL IRK for 2 h at 37°C. The reaction
solutions were then aliquoted on ice, frozen in liquid
nitrogen, and stored at72 °C. Quantification of the GSF
Lcyt phosphorylation levels was performed by SEFAGE

on 10% polyacrylamide gel49), followed by determination
of the amount of radioactivity in the separated protein bands.
Samples (Iug of GST-Lcyt/well) were loaded onto a 16
cm x 16 cm flat bed gel in a Protean Il xi 2-D cell (Bio-

Sigmundsson et al.

nonlinear least-squares method, utilizing the Levenberg
Marquard algorithmZ1). For numerical integration, a fifth-
order Runge-Kutta—Fehlberg method was applie@1).
Simulations of binding interactions were performed according
to the two-compartment model, by numerical integration of
the two coupled ordinary differential equations (egs 2 and
3). The flow cell diffusion layer heighth) and the mass
transport coefficientlk;) at a given flow rate were obtained
from egs 4, 6, and 7, using the following values for the flow
cell dimensions, as specified by the manufactuler: 2.4
mm, with a detection interval defined by= 0.3 mm and

[, = 2.0 mm;h = 0.05 mm; andv = 0.5 mm. Sincehg
changes continually along the flow cell, we used an average

Rad) together with prestained molecular mass markersvalue for hg¢ in the computational analyses. The average

(GIBCO BRL, Life Technologies, catalog no. 10748-010).
Following electrophoresis, the gels were fixed at room
temperature for 10 min in 5% acetic acid and 20% methanol,
washed in 1% glycerol, and dried onto Whatman 3 MM

(haitr)av Was defined ashgir)av = [(haifr)star + (Nditr)stod/2. The
| values used to calculatgf)starand Quirr)stop according to
eq 4 werel; andl,, respectively.

For calculations ofC,, the M,,G andk; parameters were

paper. Radioactive standards were prepared directly from thegiven fixed values (calculated as described above), while

[y-33P]ATP stock solution, by pipetting quantified amounts
(in triplicate) onto Whatman 3 MM paper. After drying at

Rmax Kay Ki, andCa were defined as free-running parameters
to be optimized by the global fit routine. Correlations@f,

room temperature, the standards were exposed together wittRnax ks, @andky were calculated from a covariance matrix,

the dried gels to a FujiFilm imaging plate for 10 h and
analyzed in a Fujifilm Bas-2500 Bio-Imaging Analyzer
utilizing the Imaging Gauge (version 3.41) analyzing soft-
ware (Fuji Photo Film Co., Ltd., Tokyo, Japan). Concentra-

obtained with the LevenbergMarquard algorithm Z1).

RESULTS
Theory Bvaluation and Simulation€ur solution is based

tions (means and standard deviations) of the radiolabeledon a two-compartment (TC) model, which Myszka et 2P)(
proteins were calculated from the standard curves that werehave demonstrated accurately and reliably describes the mass

analyzed by a least-squares curve fitting procedure with
IGOR Pro (version 4.01.A, WaveMetrics, Inc.).
Monoclonal AntibodiesTwo mouse monoclonal antibod-

ies were used: Mab 4G10 which recognizes protein phos-

photyrosine motifs and Mab 3G1 which was raised against
a ssDNA binding protein20; a kind gift from B. Daneholt,
Department of Cell and Molecular Biology, Karolinska
Institutet). Both monoclonal antibodies were of subclass IgG1
and were purified from hybridoma supernatants by chroma-
tography on protein G columns.

PeptidesN-Terminally biotinylated dodecameric peptides
spanning the Y488 and Y515 regions of mouse CEACAM1-
L, VDDVAY(488)TVLNFN and ATETVY(515)SEVKKK,

transport and binding processes occurring inside a BlIAcore
flow cell. A crucial assumption in our analytical solution
was that the surface concentrationg[#cJ, can be regarded

as being in a quasi steady stai&)( We refer to this as the
A-TC-QSSA model (analytical solution of the two-compart-
ment model with a quasi steady state assumption). We then
asked if the quasi steady state assumption would hold for
practical applications, i.e., if the A-TC-QSSA model would
correctly describe the binding events in the TC model. To
answer this question, we simulated the events occurring in
the TC model by numerical integration of the coupled
differential equations (eqs 2 and 3). We refer to this
procedure as NI-TC (numerical integration of the two-

respectively, were purchased from K. J. Ross-Petersen AScompartment model). The NI-TC procedure was used to

(Horsholm, Denmark). Both unphosphorylated and tyrosine-
phosphorylated peptides of both kinds were produced. All
four peptides were highly homogeneous an@b% pure as
demonstrated by amino acid analysis, HPLC, and MALDI-
TOF mass spectrometry.

Surface Plasmon Resonance Measurembfgasurements

simulate both the change in analyte surface concentration
during the period of sample injection and formation of the
analyte-ligand complex. We then simulated the formation
of the analyte-ligand complexes with the A-TC-QSSA
model, and compared the binding curves with those generated
by the NI-TC procedure. Parameters were selected to favor

based on surface plasmon resonanse (SPR) technology werdominance of mass transport limitation for the simulated

carried out with a BIAcore 2000 instrument (Biacore AB).
Protein interaction analyses were performed at@5n 10
mM Hepes, 150 mM NaCl, 3.4 mM EDTA, and 0.005%
surfactant P20 (pH 7.4) (HBS). Samples were kept 4t 2
prior to injection. Data modification (including scale trans-
formation and background subtraction) was performed with
the program Bia-Evaluation 3.0.

Data Analyses.All calculations based on numerical
approaches, including simulations and global curve fitting
for estimation of active concentrations, were performed with
IGOR Pro (version 4.01.A, WaveMetrics, Inc.). Special curve

reactions (i.e., high surface binding capacity together with
relatively highk, values). Figure 1 illustrates three sets of
binding interactions, simulated for identical analyte molecular
mass (35 kDa), concentration (10 nM), flow rate &0/
min), and surface binding capacitiR{xx = 1200 RU), but
differing with regard to the rate constankg,andky. Figure

1A illustrates the changes in analyte surface concentration
during sample injection, from NI-TC simulations. The
simulations describe a range of conditions, from a partially
limited mass transportk{ = 6 x 10° M1 s, ky = 0.02

s 1) to a dominant mass transport limitation (with a 10-fold

fit functions based on eq 20 were created and used togethehigher association rate constakf,= 6 x 10’, ky = 0.02

with the Global Fit Procedure in IGOR Pro, based on a

s1). Figure 1B represents the corresponding changes in the
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[Asurracd is @ valid simplification with regard to the rate of
complex formation, d[AB]/tl

Next, we investigated how well our analytical model
recovered the values @, Rnax Ko, @andky by global curve
fitting to noisy data generated by the NI-TC simulation
process (Figure 2). Two conditions with differdRiax values
were introduced, keeping the other variables constant. The
condition of a weak partial mass transport was simulated by
the introduction of a low-capacity binding surface, setting
Rmaxto 50 RU (Figure 2A). For the same set of parameters,
a condition of dominant mass transport was simulated by
settingRmax equal to 500 RU (Figure 2B). Time courses for
the average free analyte concentrations at the sensor surface,
[Asurfacd, @re shown in Figure 2C. Curve fitting to simulated
data, free of noise, resulted in recovery of true values for all
variables (data not shown). To see how noise affected the
recovery of the original parameters, a pseudonoise of 0.4
RU with random distribution was added to both data sets (a
noise level of 0.4 RU is a realistic value for the Biacore
2000 instrument as operated in this investigation). For
comparison, we also applied the NI-TC model as a fit routine
for the global fit procedure. Global fitting by both models
gave almost identical results (Figure 2A,B,D). It should be
noted that both graphs (panels A and B of Figure 2) have
two sets of curve fits, resulting from fitting the data to the
A-TC-QSSA and NI-TC models, respectively, which overlap
completely and therefore appear as a single fit for each
parameter set. A plot of the residuals from one-third of the
data set from the weak mass transport limitation (sample flow
of 100 uL/min, from Figure 2A) demonstrated an almost
identical fit result for both models (Figure 2D).

To perform the global curve fitting, one has to provide an
initial set of parameter values from which to start. When
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Ficure 1. Simulation of binding responses using two different

300

mathematical approaches. Three parameter combinations (I, I, an
[I) with increasing mass transport limitations were analyzed. (A)
The average free analyte concentrationg,[A, at the sensor

imulations were made without added noise, the global curve
fitting analyses returned correct values@, Rnax ks, and
kq for any set of initial values. However, with noisy data,

surface was calculated by numerical integration using the NI-TC different parameter combinations may give equally good

model. (B) The formation of complexes between analyte and ligand
on the sensor surface was assessed using the NI-TC model (show

as continuous lines) or by analytical solution of the A-TC-QSSA

n

curve fittings, especially when the parameters have a high
degree of coupling. To analyze how the models behaved in

model (shown as crosses). The parameter combinations were aghis respect, and how the parameters were correlated with

follows. Shared parameters in combinations I, I, and Il were as each other, we analyzed the same set of simulated data,

follows: My = 35 kDa,D = 9.09 x 107 cn¥* s, F = 50 uL/ starting from extremely different initial values f@, Rmax

min, Ca = 10 M, andRna = 1200 RU. The unique parameters |~ a4k, (Tables 1 and 2). Again, both models exhibited

in combinations |, Il, and Il werd, andky (see the figure). Note “ S .

that no analytical solution is defined for condition IIl, at the time ~ Similar characteristics; however, the four variables behaved

interval of <100 s (indicated with an arrow in panel B). differently. Both models returned realistic values 16K
regardless of the initial values given, although the A-TC-

formation of the analyteligand complex for these condi- QSSA model gave somewhat more accurate values. The

tions. Overlaid on the results simulated by the NI-TC calculated values for the other three variables ky, and

procedure are results for the same parameter sets calculateBnax varied extensively, especially the valueskpandRmax

with the A-TC-QSSA model. As demonstrated in Figure 1B, Meaningful values for these parameters were only obtained

the two models return identical results. A limitation for the

in product combinations. The correlations were complex;

A-TC-QSSA model is observed for the more extreme case however, a clear feature was the consistent high level of

(ka=6 x 10’ M1 s™1), where the numerical values ¢fin
W(y) become less thar1/e in the time interval of 100

s. For this particular parameter combination, an A-TC-QSSA
solution is not defined (curve Il in Figure 1B). This situation

correlation betweerk, and Rqax These properties and
behavior of the four parameters were predicted by math-
ematical analysis of the A-TC-QSSA model, as demonstrated
in Appendix B.

can be avoided by altering the experimental conditions. In  Determination of Actie Concentrations by the Global
this case, it is enough to decrease the sample concentratiorfCurve Fitting RoutinesThe validity of the A-TC-QSSA
10-fold, i.e., to 1 nM, to bypass the limitation (data not model for determining active concentrations was tested
shown). In conclusion, the results of these simulations experimentally. For this purpose, a GST fusion protein of
demonstrate that the quasi steady state assumption fothe mouse CEACAML1-L cytoplasmic domain (GSIcyt)
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Ficure 2: Effect of signal noise on the recovery of original parameters by the different mathematical models. Binding data (sensorgrams
and free analyte surface concentrations) were generated by simulations using the NI-TC model for two different conditions distinguished
by weak [(A) Rnax = 50 RU] or strong [(B)Rnax = 500 RU] mass transport limitation. Shared parameters were as follblys= 35 kDa,
D=9.09x 107cnm?s},Ch=1nM,k;=6.5x 106 M~1s1 andky = 0.02 s1. A random noise of 0.4 RU was added to the simulations,
which were carried out for three different flow ratég @t 5, 20, and 10@L/min, respectively. The simulated data were analyzed by global
curve fitting using both the NI-TC model and the A-TC-QSSA model. The following initial values were used in the global curve fitting
analysis: Cx = 20 nM, Rpax = 1000 RU,k, = 6.0 x 1® M1 s7% andky = 1.0 x 1072 s7L. Fit results are listed in Tables 1 and 2. (C)
Average free analyte concentrations[fcJ, at the sensor surface calculated by the NI-TC model at three different flow rates under strong
and weak mass transport limitation conditions. (D) Residuals, calculated with the NBJren@l A-TC-QSSA {) models for the subset

of data belonging to a flow rate of 1Q€/min, at conditions of a weak mass transport limitation (from data shown in panel A).

Table 1: Parameter Recovery Analysis for a Simulated Interaction Describing a Weak Partial Mass Transport Ldmitation

correlation coefficient

parameter initial estimate SD Ca Rmax kg
A-TC-QSSA

Ca (NM) 20 1.053 2.91x 1072

Rinax (RU) 1000 423 823 0.80

ke (s7Y) 1.0x 1073 2.53x 1072 1.35x 10°° 0.67 0.97

ka(M~ts™) 6.0x 10° 6.80x 1P 1.33x 1¢° -0.81 1.0 -0.97

Ca (nM) 5.0x 1072 0.954 2.3x 102

Rinax (RU) 12 42.46 6.35 0.74

ke (s7™h) 1.0x 10°3 1.93x 1072 1.1x 1073 0.59 0.97

ka(M™ts™h) 6.0 x 10/ 7.6x 10° 1.3x 10° —0.84 —0.99 —0.93
NI-TC

Ca (NM) 20 1.106 1.9 102

Rmax (RU) 1000 395 73.2 0.09

ke (s7Y) 1.0x 10°3 2.50x 10°? 3.3x10* -0.72 0.46

ka(M™ts™h) 6.0 x 10° 6.83x 1P 1.29x 1° —0.23 —0.99 —0.34

Ca (nM) 5.0x 1072 1.001 2.5x 1072

Rmax (RU) 12 47.18 7.57 0.72

ka (s7%) 1.0x 1073 1.98x 1072 1.01x 108 0.56 0.97

ka(M~ts™%) 6.0 x 107 6.39x 10° 1.16x 10* —0.82 —0.99 —0.93

2 The table shows results obtained from global fit analysis based on the A-TC-QSSA and NI-TC models when two different sets of initial values
were used in the global fit procedures. The true parameter values used in the simulations were as@llowisO nM, Rnax = 50 RU, kg = 0.020

s1, andk, = 6.0 x 10° M1 s, with an added random noise of 0.4 RU. Standard deviations and correlation coefficients were calculated with
IGOR Pro.

was chosen as the analyte, because the active concentration The Lcyt domain consisting of 73 amino acids has two
of this protein could be determined by an alternative method tyrosine residues at positions 488 and 518)(which could
based on radioactivity. be phosphorylated by the human insulin receptor kinase.



Biosensor Determination of Active Concentrations Biochemistry, Vol. 41, No. 26, 2008271

Table 2: Parameter Recovery Analysis for a Simulated Interaction Describing a Strong Partial Mass Transport LBimitation

correlation coefficient

parameter initial estimate SD Ca Rmax Kq
A-TC-QSSA

Ca (nM) 20 0.9973 15¢ 103

Rinax (RU) 1000 515.1 15.2 0.84

kg (s79) 1.0x 10°3 2.02x 102 15x 10+ 0.38 0.74

ka(M~ts™) 6.0 x 10° 5.87x 10° 1.85x 10° —0.90 —0.99 —0.63

Ca (NM) 0.1 0.997 1.1% 1072

Rmax (RU) 60 506.58 147 0.84

kg (s71) 1.0x 1073 2.02x 1072 15x 10+ 0.38 0.74

ka(M~ts™) 6.0 x 107 5.98x 10° 1.85x 10°° —0.90 —0.99 —0.63
NI-TC

Ca (NM) 20 1.0047 6.6< 10

Rmax (RU) 1000 572 1.8 0.17

ke (s™) 1.0x 1073 2.04x 1072 1.0x 10 —0.66 0.08

ka(M~ts™h) 6.0x 10° 5.87x 10° 19x 1P —0.75 —0.57 0.75

Ca (NM) 5.0x 102 0.99477 6.6x 104

Rmax (RU) 12 432.5 1.5 0.22

ka (s79) 1.0x 10°3 1.93x 1072 1.0x 10 —0.63 0.15

ka(M~ts™h) 6.0 x 107 6.97 x 10° 4.3 x 10 —0.76 —0.62 0.67

aThe table shows results obtained from global fit analysis based on the A-TC-QSSA and NI-TC models when two different sets of initial values
were used in the global fit procedures. The true parameter values used in the simulations were as @llew$:0 NnM, Rnax = 500 RU,ky =
0.020 s?, andk, = 6.0 x 10° M~* s7%, with an added random noise of 0.4 RU. Standard deviations and correlation coefficients were calculated

with IGOR Pro.
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Ficure 3: Characterization of in vitro-phosphorylated GSIcyt )
Flow cell  1: Reference 2: Detection

proteins. Wild-type and mutated GSTcyt fusion proteins were
in vitro-phosphorylated with insulin receptor kinase af#PJATP. FiGure 4: Experimental setup for determination of active concen-
The proteins were analyzed by SBBAGE (1ug/well), and the trations. The active concentration in this setup was defined as the
amount of radioactivity was determined in a Fuji Bio-Imaging fraction of the analyte, GSTLcyt-YF, that was monophosphory-
analyzer. (A) Proteins stained with Coomassie brilliant blue. (B) lated with33P at Y488. Two sensor surfaces in serial alignment
Bio-Imaging analyzer-produced autoradiogram of the gel shown were created, flow cell 1 (Fcl) with a nonspecific antibody (Mab
in the top panel. Note that only the GST fusion proteins of Lcyt- 3G1) and flow cell 2 (Fc2) with an anti-phosphotyrosine antibody
wt, Leyt-YF, and Leyt-FY were phosphorylated, while the double (Mab 4G10). The analyte solution, containing a mixture of
mutant Lcyt-FF or GST did not incorporate any phosphate. M phosphorylated and unphosphorylated G&€yt-YF, was injected
denotes the lane that contained molecular mass marker proteinsover the sensor surface. The active concentration was determined
by surface plasmon resonance (SPR) detection of the specific

Phosphorylation utilizing®fPJATP showed that the wild type ~ Pinding of GST-Lcyt-YF to the anti-phosphotyrosine antibody,
(GST-Lcyt-wt) and the Y515F mutant (GSALcyt-YF) ’?\r/]id compared with the active concentration measured by radioac-
. ty determination.
were effectively phosphorylated; on the other hand, the
Y488F mutant (GSTLcyt-FY) incorporated very little represents the active concentration of the whole population
phosphate, and the Y488F/Y515F double mutant (6ST of GST—Lcyt-YF, which also contains unphosphorylated
Lcyt-FF) and the GST protein were not phosphorylated at protein since the in vitro phosphorylation does not result in
all (Figure 3). Accordingly, the radioactive GSTcyt-YF phosphorylation of all protein molecules.
represents a monophosphorylated protein, the concentration The experimental setup is described in Figure 4. A
of which could be accurately determined from the specific covalently bound antibodyo¢Fcy Ab) was used to trap the
activity of the F?P]JATP and quantification of the incorpo- 4G10 antibody that served as the ligand. Serial dilutions of
rated radioactivity. The tyrosine-phosphorylated G& Tyt quantified in vitro-phosphorylated GSLcyt-YF were run
binds specifically to anti-phosphotyrosine antibodies, while over a sensor, loaded with a nonspecific antibody (Mab 3G1)
unphosphorylated fusion proteins show no binding. Thus, in flow cell 1 (Fcl) and an identical amount of the specific
we could use the anti-phosphotyrosine antibody Mab 4G10 ligand antibody (Mab 4G10) in the downstream flow cell
as a ligand and the monophosphorylated G&&yt-YF as (Fc2). Each analyte dilution was injected at three different
an analyte in BlAcore experiments. In this system, the flow rates (5, 20, and 58L/min), to generate a set of mass
concentration of the monophosphorylated GSTEyt-YF transport-dependent response curves (sensorgrams), which
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ka (s 0.050 3.8x 103 —0.23 0.32
k(M1s1)  6.18x10° 5.6x 102 —0.87 —0.99 —0.16

aThe analyte GSTLcyt-33P-YF was analyzed at an active concen-
tration of 1+ 0.15 nM (determined radiometrically) at three different
flow rates (5, 20, and 5@L/min). The parameters were estimated by
a global fit analysis of the sensorgrams according to the A-TC-QSSA
model. The results are shown graphically in Figure 5A. Pairwise
correlations between the different parameters were calculated with the
Global Fit Procedure in IGOR Pro.
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the A-TC-QSSA procedure are listed in Table 3, which also
contains pairwise correlation coefficients for the different

variables. As in the simulations (Tables 1 and 2), the highest
correlation occurred betwedq and Ryax.

The failure to fit the sensorgrams obtained at higher
= concentrations to theoretical binding curves suggested non-
ideal behavior of the analyte (GSLcyt-YF). This is
presumably due to dimerization or oligomerization of GST
Leyt-YF, since it is known that both the Lcyt domain and
GST itself can form dimers.

The A-TC-QSSA method was tested additionally, with a
different analyte-ligand combination. Now the ligands were

-2

Residual error

[Apud =1 nM

I I I I
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Ficure 5: Determination of the active concentration of GSTyt-

33p-YF. Different concentrations of GSLcyt-33P-YF (the analyte)
were analyzed with the experimental setup depicted in Figure 4.
(A) The analyte, at an active concentration ofl 0.15 nM
(determined radiometrically), was run at three different flow rates
(5, 20, and 5QuL/min). Global fit analysis based on the A-TC-

synthetic tyrosine-phosphorylated dodecapeptides with amino
acid sequences corresponding to the regions around tyrosine
residues Y488 and Y515 of the CEACAM1-L cytoplasmic
domain. The specific analyte was the phosphotyrosine-

QSSA model gave a concentration of 0.8910.006 nM. Plots of  binding monoclonal antibody, Mab 4G10. The sensorgrams
the residual errors are shown above the sensorgrams. (B) Plots ofin Figure 6A demonstrate that while 4G10 bound efficiently

residual errors for runs of the analyte at four different concentra- to phosphorylated but not to unphosphorylated peptides,
tions, (1, 5, 10, and 20 nM, determined radiometrically). Each neither the unrelated Mab 3G1 nor Mab 5.4 that recognizes

concentration of analyte was analyzed at three different flow rates .
(5, 20, and 5QcL/min). The residual plots were obtained from the the extracellular domain of CEACAM1 bound to the phos-

binding curves calculated by global fit analysis according to the Phorylated peptides. Determination of the active concentra-
A-TC-QSSA model. Note the increasing deviation of binding data tion of protein G-purified Mab 4G10 was analyzed at various
from the global fits with increasing analyte concentration. concentrations. Dilutions were prepared from a stock solution
could be used as input data for the active concentrationWith a total concentration of 1 mg/mL Mab 4G10 (@p=
determination. The curve fitting data for the active concen- 1.45). An assay with a solution diluted 1:10000 (@.d/
tration determination of in vitro-phosphorylated GScyt- mL) is shown in Figure 6B. Three runs per flow rate were
YF are shown in Figure 5. In these experiments, the active performed by random order injection. All runs were used
concentration of GSFLcyt-YF was determined to be 1.0  for the curve fit calculation, which gave a value for the active
+ 0.15 nM by the radiometric procedure, which wa§% concentration of 72= 3 pM. Since an IgG concentration of
of the total concentration (phosphorylated and unphospho-0.1 #g/mL corresponds to a total molar concentration of
rylated protein). The global curve fitting routine utilizing the approximately 667 pM, this shows that onty11% of the
A-TC-QSSA model yielded curves that coincided perfectly 1gG fraction was active with regard to phosphotyrosine
with sensorgrams recorded at low protein concentrations,binding. Active concentration determination of a 1:1000
except at early time points at the lowest flow rate (see curve dilution gave a value of 73@& 3 pM (data not shown), and

Il in Figure 5A). This deviation is due to a technical €ven at a total concentration of 1y/mL there was an
limitation of the instrument and can be avoided if flow rates €xcellent agreement with the determinations carried out at
higher than 5:L/min are used. The concentration determined higher dilutions.

from the curve fit at these low protein concentrations (taking  However, analyses at higher analyte concentrations dem-
into account the appropriate dilution factor) resulted in a onstrated a fundamental problem, not only for determination
value of 0.891+ 0.006 nM, which is in excellent agreement of active concentrations but also for estimatiorRafx by a
with the active concentration determined by the radiometric binding saturation approach (Figure 6C). At a total protein
analysis. More concentrated solutions yielded sensorgramsconcentration of 50@g/mL, a saturation value of 1420 RU
that showed systematic deviations from the curves generatedvas obtained after injection for 200 s. Injection of a 2-fold
by the global analyses (Figure 5B). Values of the active higher concentration (1 mg/mL) confirmed the saturation
concentrations, as well as Bfuax kg, andk,, determined by level of 1420 RU. All the lower analyte concentrations
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A 20— : of 1420 RU. However, when the sensorgrams obtained at
I Flow cell: Ligand different analyte concentrations were analyzed individually
""!;‘F“i pre-lgG according to the A-TC-QSSA model, it was found that only
the lowest concentration (1@/mL) could be fitted to a 1:1
model of molar binding between analyte and ligand (Figure
6C inset). Neither of the higher analyte concentrations
conformed to a 1:1 molar binding model, despite mass
transport being included in the model. In fact, the sensor-
“Foa: pY515° grams obtained at all concentrations aboveu@iimL Mab
4G10 did not fit to any model that was tested. The most
likely explanation to this behavior is that the analyte, Mab
4G10, forms aggregates of various sizes at higher concentra-
tions. Accordingly, the saturation level of 1420 RU does not
represent a truBnyax value corresponding to binding of the
analyte to the ligand in a simple 1:1 molar ratio, but in
[1nj. rate (uymin) addition reflects multi-equilibrium binding complexes within
50

oA /X the analyte.

— 10 PO —
e I DISCUSSION
: L
10 - Flow cell biosensor analysis has become the method of
4 choice for determining kinetic rate constants for interacting

End of injection biomolecules. A potential problem is that, in this method,
0 ﬂ'm 2:,0 3[',0 4(',0 the observed binding kinetics reflect not only the chemical
Time (s) binding but also the transport of molecules from the moving

fluid phase to the binding surface. However, this can be

turned into an advantage, since it can be used to determine
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— 500 the concentration of the molecular species that participates
g / I i% actively in the _binding ?nteraction. H_ere we present a
S 1000 & complete analytical solution to the entire process of mass
g - o 20 transport and binding kinetics, which allow both determi-
g e nation of the active concentration and accurate and precise
& 500 — measurements of the association and dissociation rate

constants of the binding interaction. This solution has two
[ advantages over existing solutions. First, since we used the
0 — T entire processes of mass transport, association, and dissocia-
0 100 200 300 tion in our solution, there are no approximations or limiting
Time (s) assumptions made that restrict the applications of our
Ficure 6: Determination of the active concentration of the procedure. Second, potential inaccuracies and algorithmic

monoclona}l antibody 4G10. The flow cells were derivatized _With problems connected with solutions based on numerical
the following four ligands: mouse IgG for Fcl, a tyrosine- . .
integration can be avoided.

phosphorylated dodecapeptide, pY488-peptide, for Fc2, a nonphos-
phorylated dodecapeptide, Y488-peptide, for Fc3, and a tyrosine-  To evaluate the performance of our solution for determi-
phosphorylated dodecapeptide, pYS15-peptide, for Fc4. (A) npation of active concentrations of biomolecules, we compared

Sensorgrams from the four flow cells obtained by consecutive ; :
injections of bovine serum albumin (BSA), monoclonal antibody its outcome with the results from another, independent

3G1, monoclonal antibody 4G10, and monoclonal antibody 5.4, at Method for determining the active concentration. To that end,
a flow rate of 20uL/min. Asterisks denote regeneration cycles. we devised a radiochemical procedure in which we could
ngl%lcépeg fit atnalysisfacco(;ding tt_O tge At-hTC\-((A?SSSSA mtoéiel Ofl_l\/labd determine the active concentration of a tyrosine-monophos-

Inding 1o a suriace derivatized with pY4ss-peplide as ligand. nhorylated protein binding to an antibody specifically
Ine ol prtinconcentatonof 4610 ves 00 hfmL (1 1ocgniing phosphotyrosine. The two metfods gave values
nonspecific ligand in a different flow cell to monitor background In €xcellent agreement with each other, demonstrating the
binding. The analyte (Mab 4G10) was run in random order at four validity of our analytical solution.

different flow rates (S, 10, 20, and Gfl/min), for three times at Our method of determining active concentrations is precise
each flow rate. The displayed binding curves show data after o - - ;
background subtraction. Residual plots are shown in the same@nd extremely sensitive. Picomolar concentrations of proteins
diagram, above the sensorgrams. Global fit analysis gave an analytecan be determined, and there is no requirement for a standard
concentration of 73 pM. (C) Sensorgrams of the analyte Mab 4G10 curve made from a reference protein. Another advantage is
run at seven different protem concentrations, ranging from 10 to that the curve f|tt|ng procedure exp“Cltly ShOWS |f the results

1000ug/mL, at 20uL/min over a ligand surface consisting of the : : P
pY488-peptide. The inset shows sensorgrams (solid lines), A-TC- are reliable. If the residuals are not randomly distributed but

QSSA global fit curves (dashed lines), and the corresponding ShOW & systematic deviation along the time scale, as in Figure
residual plots obtained for 10, 20, and Bg/mL. 5B at concentrations of-520 nM, there is an indication of

nonideal behavior of the analyte, with regard to a predicted
reached values close to equilibrium at an injection time of 1:1 binding, for which the model accounts. When this occurs,
300 s. Thus, these measurements indicate a valuB.fgr the measured concentration values cannot be trusted, and the
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determination should be repeated at a lower analyte con-rate constants as well as binding equilibrium constants for
centration. interacting biomolecular systems.

Application of our analytical solution to global analysis

. ) ) - APPENDIX
of sensorgrams obtained at increasing analyte concentrations
also demonstrated a potential problem in experimental (a) The Argument to W() in the Dissociation Phase
determinations oRnax Thus, when increasing concentrations ) _ o
of an anti-phosphotyrosine antibody were injected, an In the solution to the dissociation phase (eq 28), the
increasing deviation from the theoretical binding curve was argument taV is negative. This makes sense as long as the
observed, which can be explained by oligomerization of the argument lies betweene™* and 0, giving a negative answer
antibody, occurring at higher concentrations. When this that in turn explains the negative sign in front of the
happens, the binding plateau that is reached does not€XPression in the solution. That this is the case is shown as
represent a true value sy that can be translated to the follows.
number of binding sites in the solid phase for a monomeric ~ The solution (eq 28)
analyte in the fluid phase. This has far-reaching practical 1
consequences for determinations of equilibrium binding 0=—(+ l)V\{— — = g (TR
constants by the commonly used Scatchard analysis. In such p+1
analyses, the binding equilibrium is determined at various
concentrations of the soluble binding partner. From these
binding data, the equilibrium dissociation constat, as 1 OB+ o 1
well as the maximal number of binding sites in the solid B+1 ="¢€
phase can be determined. However, this is valid only as long
as the soluble binding molecules behave as an ideal mono4f and only if
meric species. If oligomerization takes place at higher
concentrations, an excessively large binding will be recorded. 1 g (TTLBIB+Y) - g1
In many instances, curvilinear plots have been observed with p+1 h
a variety of different interacting molecules. These plots have _
generally been interpreted as the occurrence of different!f @nd only if
classes of binding sites or receptors with different binding _ _
affinities, or as negative cooperativity. However, one has to e TR < (6 +1)e !
consider oligomerization of the soluble binding partner at
increasing concentrations as an alternative explanation in
certain_ cases. Our analytical procedure can be u§eq to —(+LBIB+1)=<InB+1)—1
determine the concentration ranges in which the binding
partners behave ideally. if and only if

For determination of active concentrations, only the
injection phase of the binding experiments performed at T+L> f+1
different flow rates is used. As shown in Appendix B, B

analysis of the injection phase alone at different flow rates . . . _ _
gives a meaningful value only foC,, i.e., the active if-and only if [recalling thatl. = 60/ — In(6o) (8 + 1)/

makes sense if and only if

if and only if

[1—In(B+ 1)

concentration, whereas meaningful values for the otherﬂ ~ 7l

unknown parametergs,, k4, andRnax can only be obtained 6, B+1 B+1

as the combined expressi&siRmax 0or (kaRmax)/kq. Therefore, T—Ty+—H5 — In6,= [1—In(B+ 1)
the active concentration and the association and dissociation p B B

b@nding rate cqnstants must be determined separately Ngincer is always greater than or equal tg this implies
different experimental setups. We propose the following o+ it is sufficient that

procedure for this purpose. First, the active concentration of

the soluble analyte is determined by global analysis of 6 B+1 B+1

sensorgrams obtained at different flow rates, low analyte BB no,= T[l —In(B + 1)]
concentrations, and high density of the immobilized ligand.

In this step, only the injection phase is analyzed. Several\yhich holds if and only if

concentrations of the analyte should be analyzed to determine

the concentration range in which the analyte behaves ideally. 0,

Then, several different analyte concentrations within the ideal ﬁTl —InGy=1—In(5+1)
concentration range are analyzed at one single high flow rate,

and a low density of the immobilized ligand. The association if and only if

and dissociation rate constankg,andky, respectively, are

determined by global analysis of both the injection (associa- 0y

tion) and elution (dissociation) phases, utilizing the value ﬁ——i-l —In6—1+In(F+1)=0 (A1)

of the active concentration determined in the previous step.
In our opinion, this procedure seems to be the best and mostFor a sufficiently larges, this is obviously true, and by
accurate approach presently available for determining binding differentiating the left-hand side with respectowe obtain
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_ 0o n 1 _1+5-6,
B+12 B+l (B+1y

implying that for a fixedd, the expression has its minimum
at§ = 0p — 1 and the value in that case is

O

g,—1+1 Mo~

1+In(0,—1+1)=0

This implies that eq A1 holds for all positiyeand all 0<
6o < 1, and thus, the argument in the solution is always
between—e* and 0.

(B) Simplifications of the Model

Low Concentration of the Bulk Analyte G < ky). If
the concentration of the bulk analyte is sufficiently low, then
Caka < kg, implying thatCaka, + kg ~ kg and the constants
K; andK3; become

C
K, ~ :dl%
o kMG (KMG(KRw)
kMG F KR (kMG)(KR ) + 1
Furthermore, in this case
K. ~ CAkaszax CAka Rmax CAka<< 1
27 kKM, G + kaRma) KKRnax K

and thuskK,eX:"Kit < 1. From this, it follows that

W(K Kz K3kdt) ~ K Ko—Kakit ze Kakdt K e—Kskdt

=K,e

sinceW(x) ~ x and & ~ 1 for small values ok. Using these
approximations, the parametd¢, disappears from the
original model and it becomes

R= RpaKy(1 — &)

which in terms of the original parameters becomes

ch(@Rma[ N I CLROTICH ,t}
Ky (kM G)/(kRpa) + 1

Note that after this simplification the model has only three
parameters, namel\Ca, ky, and the produck,Rnax This
implies that if the original model is used to fit measured
data, and the conditio€ak, < kg happens to hold, the
calculated values of the paramet®sg.x andk, should not
be expected to be meaningful while their product will be.
Small Flow Rates (k< ki[B¢]). If the mass transport
coefficientk; is negligible compared t&[Bg], a condition
that holds if the flow rate is sufficiently small, thégM,,G
< kg[Bo]MwG = kaRmax @and thus kMyG)/(KaRmay) << 1. If
in addition the bulk concentration is sufficiently low that

R

the previous approximation applies, the model may be

simplified even further by usingkM,G)/(kaRnay) + 1~ 1
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and the original model may be approximated by the
simplification

kaRm

R=C,—~ "

- ex;{ kR —M cht)]

Now the simplified model has only two parameters, namely,
Ca and kiRma/ky. This implies as before that if one uses
the original model to fit the measured data and the conditions
for making the simplification shown here are present, one
should not expect to obtain meaningful values for the
parameter&nas Ka andky. Instead, only the resulting value
of (K-Rmax/kg Will be meaningful. Most importantly, however,
curve fitting to the original model will always vyield
meaningful values otC,, i.e., the active concentration of
the analyte in the bulk solution.
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