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Accurate estimation of biomolecular reaction rates from binding data, when ligands in solution bind to
receptors on the surfaces of cells or biosensors, requires an understanding of the contributions of both
molecular transport and reaction. Efficient estimation of parameters requires relatively simple models. In
this review, we give conditions under which various transport effects are negligible and identify simple
binding models that incorporate the effects of transport, when transport cannot be neglected. We consider
effects of diffusion of ligands to cell or biosensor surfaces, flow in a BIAcore biosensor, and distribution of
receptors in a dextran layer above the sensor surface. We also give conditions under which soluble receptors
can be expected to compete effectively with surface-bound receptors. Copyriglit 1999 John Wiley &
Sons, Ltd.
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Introduction Binding in solution

In biological systems, chemical reactions often occur When reactants are well mixed we have from the law of
between reactants that are not well mixed. Frequently onemass action that, for a monovalent ligand at concentration
of the reactants is confined to a surface while the other is in and a monovalent soluble receptor at concentra®pthe
solution. Because the reactant in solution must be rate of change of the concentratiBof bound complex is
transported to the surface before it can react with the

surfage molecule, the kinetics of binding can differ dB/dt = kaCR— keB 1)
significantl_y from the kinetics expe_cted _vvhe_n both reactants t ihe total receptor concentration Ry and the total ligand
are well mixed. The purpose of this review is to understa_nd concentration i<y then, using mass conservation

(1) under what conditions transport influences the kinetics

of binding and dissociation and (2) how one can Rr=R+B Gr=C+B (2)
guantitatively describe the kinetics when transport cannot
be neglected. First we will briefly review binding kinetics
when the reactants are well mixed, then we will consider
binding when one of the reactants is confined to a sphere and® . . . .
the other reactant diffuses to the surface, and finally we will _ !f ligands and receptors are uniformly dispersed in

consider a BlAcore flow cell, where one of the reactants is SO/ution, then, with the possible exception of very small
confined to a flat surface and the other reactant is diffusional transu?nts, the rate coefficierits and ky are
transported by flow and diffusion constant. For this reason they are referred to as rate
constantsk, as the association or forward rate constant and
ky as the dissociation or reverse rate constiepandky are
constants in the sense that they are independent of time and
* Correspondence to: B. Goldstein, Theoretical Biology and Biophysics Of the concentrations of the reactants, although they may
Group, Theoretical Division, T-10, MS K710, Los Alamos National depend on other parameters such as temperature and
Laboratory, Los Alamos, NM 87545, USA. E-mail: bxg@lanl.gov. viscosity.
Contract/grant sponsor:National Institute of General Medical Sciences, ; Pt [T i
National Institutes of Health, Department of Health and Human Services; NOte. that in €q. (1) the. initial rate of bmdmg IS
proportional to the concentratid® of free receptors. When

contract/grant numberGM35556. Contract/grant sponsorNational Science . . :
Foundation;contract/grant numberMCB9723897.Contract/grant sponsor: the system is well mixed, receptors act independently so

Substituting eq. (2) into eq. (1) we obtain a single ordinary
differential equation that describes the rate at which bound
omplex is formed.

Department of Energy. that, for example, doubling the concentration of free
Abbreviations used: PDE, partial differential equation; RU, resonance units; receptors m_ s_c_JIutlon will dOUbI_e the rate at which bound
SPR, surface plasmon resonance. complexes initially form. We will see that when transport
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294 B. GOLDSTEINETAL.

influences the binding kinetics, the surface reactantsno
longe actindependatly.

Binding of ligands to receptorson
spherical surfaces

The first step for both biological cells and biosensas in
detecing a specifichiomoleculein solutionis the binding of
thatmolecue to a surfacereceptor. Becausg detection stats
with the formation of a boundcomplex on a surface,the
possibiity arises that the kinetics of binding may be
influenced by the transport of the biomolecule to the
surface If the chemial reactionis slow compare to
transpot, the binding kinetics are unaffectedby transport
andthe systemactsasif it werewell mixed.If thechemical
reaction atthe surfaces fast,for exampe if theforwardrate
constantfor the readion or the recetor surfacedensityis
high, the binding kinetics will be affected or even
dominaed by transpot. (Wha we mean by ‘fast’ and
‘slow’ shoutl becone clear shortly.)

Whenligandsdiffuse in soluion andbind to cell surface
receptos, the ligand concentrationwill vary bothin space
and time. A diffusion—reaction processsuch as this is
descriked by a partid differentid equation (PDE), which is
reviewed in the Appendk. Howeve, let us considera
simpler modéd that approximaes the continuais spatal
changein the ligand concentration by dividing the volume
outdde the surfaceinto disaete compartmens, in eachof
which the ligand concentrationis uniform. For binding of
diffusing ligands to receptors on a spheical cell, the
standad approximaipn dividesthe spaceoutsidethesphee
into two compartmens (Fig. 1), an outer compartment
where the ligand concentationis that of the bulk solution,
C, and aninner compartmentwherethe ligand concentra-
tion, C, changesbecauseligands bind to, and dissocia¢
from, recepteos andbecase ligandsare transpoted to and
from the outer compartment Let us look at a single cell,
with receptors distributed uniformly over its surface. At
time t =0, the ligand concentrabn is uniform, exceptin a
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Figure 1. A compartment model for ligands binding to and
dissociating from receptors on a spherical surface of radius a.
The space outside the sphere is divided into an inner region,
a< r<r, where the ligand concentration is C, and an outer
region, r>r, where the ligand concentration equals the bulk
concentration C.
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smdl regionaboutthe cell (the inner compartmen}, where
the concentrabn is 0, i.e. att=0, C=Cy for r >r; and
C=0forr; >r > a. Initially, ligandsdiffuserapidly into the
inner compartnent and then begin to bind to cell surface
receptors.Becausg the problemhasradial synmetry,thenet
flux is only in the radial direction We let V; denot the
volume of theinnercompartment,A the surfaceareaof the
cell, and R the concentration of free receptas on the cell
surface. For exanple, if A is measued in cn?, thenR is
measuredin receptors/crh Thenthequantties V;C, AR and
AB arethetotal numberof ligandsin theinnerconpartnment
andthe total numker of free receptos andboundrecetors
on the cell surface The free ligand concentration in the
inner compartnent and the boundligand concentation on
the cell surfaceobeythe following equatims:

VidC/dt = —keARC + kgAB + k; (C — C) 3)
dB/dt = kaRC — kyB (4)

where k, is the rate constantthat chalacterizes diffusion
betwee the inner and outerconpartmens.

We now assumehat, after a shorttransientduring which
the ligand concentrationrisesrapidly in the inner compart-
mert but thereis negligible binding, the ligand concentra-
tion changs slowly with time. If this is sowe cansetdC/
dt=0. This is called a quasisteadystate appraimation
(Segé¢ and Slemral, 1989). It doesnot meanthat C is
consant in time, only that it changs slowly. (For a
justification of this approximaion seeMasm et al., 1999.)
Basically, for the binding phasethe appraimation is valid
when thechamcteristictime for transg)ortthetimeto diffuse
acrcssthedistanceof a cell radius,a“/D, is shortcompared
to thetime for thechemicalreaction,1/k,Rt). Whentheleft
sideof eq.(3) is setequalto zerg onecansolve for C and
usethe equation obtainedto eliminatethis variable from eq.
(4). Thisyields the following equaton for B:

dB/dt = keRC — k°B (5)

whee we have introduced effective assoation and
dissociationrate coeficients

o ka e _ kd
kf_l+kaRA/k+ kd_1+kaRA/k+ (6)

Equation (5) descibes the kinetics of binding when
receptorsareconfinedto a sphercal surface.lt hasthesame
form aseq.(1), thewell-mixedcasegxceptthatthetrue rate
constnts are replacedby effective rate coefficierts that
dependon the concentration of free receptas, a quantty
thatis changingin time asbinding or dissocation proceeds.
(It is fortuitous that the volume of the inner compartment
who< size we don’t know, hasdroppel out of the problem.
Its value is only importantduring the initial transientwhen
binding is negigible.) k, is the diffusiondimited forward
rate constant(Smoludowski, 1917). [This idertification is
mack by consideing the limiting flux of ligand to the cell
surface,asthe recepto densityR - oo in eqs(5) and(6).]
For two spheical particles whose radii sumto a andwhose
diffusion coefficientssumto D

k. = 4rDa (7)

For a molecde interactng with a cell, to an excellent
appraimation, aisthecell radiusandD theliganddiffusion
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coefficient. (Theexpressinfor k, agreeswith ourintuition.
The fasterthe diffusion andthe biggerthe cell, the fastera
molecue in solutionwill find thecell.) We now canquantify
what we mean when we saytranspot influencesthekinetics
of binding whenthe chemical reactionis fast comparel to
transpot. From eq. (6), the effecive rate coeficients will
differ from the true rate constantsvhenk,RA/(4nDa) > 1.

The effecive rate coefficients correct in anapproximaé
way, for two related effectsthat arise when recepteos are
confinedto surfaces Oneeffect,rebinding,occusbecasea
ligand that dissociags from one recgtor has a non-zro
probaility of reactingwith anotherrecepto on the sarre
surfaceinsteal of escging into solution. The quanity 1/
(1 + kRAJK,), which is the ratio of the effective disscia-
tions rate coefficint to the true dissociaion rate constant
[eq. (6)], is the fraction of disciationsthatleadto a true
separabn of the ligand from the cell (Berg, 1978).When
kaRA/(4nDa) > 1 this fraction will be smdl anddisocia-
tion from the cell surface will be much slower than
dissocationfrom anisolatedrecepto. At recepta densities
whererebindingoccurstheothereffect competiton amang
receptos for ligand, alters the forward kinetics. The rate of
bindingto thecell is nolonge proportionato thenumberof
free receptos on the cell surface but saturateswith
increasng receptos numberasreceptes compet for ligand
andthereactionbetwee ligandandcell becomediffusion-
limited (Schwartz, 1976; Berg and Purcell,1977; Erickson
et al., 1987.) From eq. (6) we seethat, as the number of
receptes is increagd, the rate at which ligandsbind to the
cell goesfrom k,CRA to an upperlimit, 4zDaC, which is
independentof recepto densty. It is not surpising that,
when the recepto density is high enoughto influence
dissocation, this samedensity will influence the forward
kinetics aswell. Theratio of thes ratecoefficientsequak a
constant the true equiibrium binding constant, i.e.
K = ka/ka = KE/K§. This is required if eq. (5) is to go to
the correctlimit at equilibrium.

Let usnow considerdissocation,whereatthe startof the
dissocation phase t = 0, the externalconcentration is set
equalto zera Equation(5) thenbecomes

Ky
T 1T kRAJK, C (8)

At t = 0 we denotethe boundligand concentrationasBg and
the fraction of sitesboundasfy=By/Rt. In eq. (8), k, is
againgiven by eq. (7). (k,. is now the diffusion-limited rate
constantfor transportaway from the cell. Althoughin this
case it equak the diffusiondimited rate consant for
transpot to the cell, for some geometies and transport
processeghis will not beso.)

Onecansolveeq.(8), with Ry — B substitued for R, to
obtan thefollowingtranscenderal equatian for thefraction
of ligandsthatremainboundat time t, b(t) = B(t)/Bo:

ket = —(1+6)Inb — &fo(1 — b) 9)

dB/dt =

where
6 = kaRrA/k, (10)

The half-life for dissociation can be obtainal by seting
b=1/2in eq.(9), i.e.

to = (IN2/kg)[1+ 6 — 8T/ (2IN2)] (11

Copyright© 1999JohnWiley & Sons,Ltd.

Equation(9) predics that asdissocation proceedst slows
as more receptos on the cell become free and the
probaility of rebindingincreasesThis slowing of the rate
of dissociaibn hasbeenobserved,for exanple, for small
hapensdissocating from cell surfaceantibody (Goldstein
etal., 1989).

Let usconsidera simple casewheretheinitial numker of
bound receptaos is small sothatwe canassune thatduring
theentirecourse of disciationR = Ry. For this caseeq.(8)
predicts

b= ekt (12)

where ki denoteshe effective dissociaion rate coeficient,

eqg. (6), whenR=Ry. Evenif initially a large fraction of

receptorsareoccuped,atlongtimes,when mostof thesites
are free, the two-commrtmentmodel predicts exponental

decaywith the true dissociaion consant replacel by the
effective dissocation coeficient. This predictian is wrong.
As dissociaibn proceeds,the concentrationgradientof free
ligand deceasesanddiffusion of ligand awayfrom the cell

slows.Eventually, a quasisteadystatebetweenboundand
free ligand is establisked and diffusion away from the
sphee ratherthandissciationfrom receptorsonthe sphere
becones the rate limiting step. At long times the
concentrationof boundliganddoesnot decayexponatially,

but rather ast~>/? (Carslawand Jaeger]1959; Berg, 1978;
Goldsteinand Dembo,1995). In particular,

B 1 3(2/6+2— k)
2kml/2(Dt/a2)¥?  4r27l/2(Dt/a?)®?
where

(13)

Kk = 4na® | (KRA) (14)

Note that the leading term in eq. (13) depend on the
equiibrium constantK rather than the disociation rate
consantky.

The time, t*, that chamcterizes the transition from
exponatial decayto t—*2 decayoccurswhenthetwo tems
on the right of eq. (13) are of equalmagnitude.Equating
thes termsin eq.(13), onecanshowthat

L3, @K

(%) "
Unde mog condtionsthe characeristictime for aligandto
diffuseacrossa cell, a® / D, is shortcomparedto the mean
time, 1/k§, for a ligandto escapdrom a cell thathasRrA
free receptors. When 1 > a?k$/(2D),t* ~ 3/k§. From eq.
(12) we estimae thatdecayis exponatial until about5% of
the initially bound ligands reman. Except at very long
times, eq. (11) givesa gooddescriptio of the dissciation
process.

Binding kinetics in a BlAcore flow cell

In aBlAcore flow cell (BiacoreAB, Uppsah, Swecden),one
of thereactantsis immobilized on a senso chip. We call it
the receptao, in analogyto a recepto on a cell surface
althoughit is commony referredto as the immobilized
ligand. The otherreactant, caled the analyte,entersat one
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Figure 2. Cross section of a BlAcore flow cell, of length / and
height h. The top panel (a) reflects the true aspect ratio, h//=0.02.
In the lower panel (b), receptors are shown immobilized on a
sensor chip on the bottom of the flow cell. (This convention is
common in schematic diagrams of the BlAcore flow cell,
although in the apparatus, the sensor chip is actually on the top
surface.) The analyte enters the flow cell from the left, at a
concentration Cr, flows through the chamber, and flows out at
the right end.

endata concentrationCy, flows pastthe senso surfaceand
leavesat the otherend(Fig. 2). Along the flow cell theflow
is laminar with a paraolic velocity profile. The flow
velocity is zero at the top (y=h) and bottom (y=0)
boundairesandmaxmal, equalto v, in the center(y = h/2),
i.e.thevelocity v(y) ata heighty abovethe senso surfaceis

v(y) = 4ve(y/h)[1 - (y/h)] (16)

Notethattheavemgevelocity ( v) = 2v./ 3 andtheflow rate
Q= (v) hw, whereh andw arethe height andwidth of the
flow cell. Becaus the velocity is zeroat the sensorsurface
diffusion as well as flow is important in transpoting the
ligandto the senso surface.

The immobilization of the recepta is usually accom-
plished by couping it to a dextran layer that extends
apprimately 100nm out from the sensorsurface (sensor
chip CM5), 0.2% of the height of the flow cell. Flow cells
arealsousedwith shorer dextranchans (sersor chip F1),
with receptorglirectly coupledto the sensosurface(sensor
chip C1), or with vesicleshavingreceptas on their surface
coupkedto the sensosurface(sersorchip L1). Detedion of
binding is basedon the optical phenomenonof surface
plasma resonance (SPR, Garland 1996). The SPR
respnsedetects changs in the index of refraction causel
by masschangs at the senso surface. Thesechangesare
brough about by the binding of analte to recepts. By
coninuouslymonitoring the SPRsignal, the time course of
bindingis followed in realtime. After binding, buffer alone
may be introducedto monitor the dissociaibn kinetics.

In theidealsituatian, neitherthetransporiof ligandto the
senso surfacenor its transpot within the dextran layer
influencesthebindingkinetics. This happeis whentransport
is fast compared to binding. In this case the analyte
concentration rapidy becones uniform in space and
constantin time, equalto the injection concentration Cy.
Equaton (1) with C = Ct descrilesthe kineticsandcanbe
usedto determire k, andky.

When is the dextran layer thin?
Whencanwe ignore the dextranlayer andtreattheflow cell

Copyright© 1999JohnWiley & Sons,Ltd.

asif the receptas were directly coupledto a flat surfac®
For the dextranlayer to ‘appear’ thin to the analyte, the
height of the dextranlayer mustbe smdl comparedto the
avelage distancethe analyte travels beforeit binds. This
condtion insuresthat the binding of the analte to the
dextranlayerwill beuniform. If the densityof bindingsites
is too high, binding will first occur near the top of the
dextan layer. As thesesitesfill up, analytewill haveto
diffuse farther in the layer to find free sites.Unde these
condtions the dextranlayer will influence the kinetics of
binding (Schuk, 1996). Further, becausethe SPR sigral
depend to someextenton the distan@ the boundanalyteis
from thesenso surface,analyteboundearly (nearthetop of
thedextranlayer)will contributelessto the SPRsignalthan
analte boundlate (nea the bottom of the layer).
Corsiderananalytethatdiffusesin the dextranlayer with
a diffusion coefficient D; < D. Sincethe flow velocity is
paraolic [eq. (16)], andequalto zeroat the senso surface
we assumehereis negligible flow in the dextranlayer. [If
the dextranlayer hasno effecton the flow field outsidethe
layer thenat the top of the layer,y = 100nm, andfrom eq.
(16)v=0.002/..] Letd betheheightof thedextraniayer, Ry
the surfacerecepto density(receptorem?), andRy / d the
receptor concentrationin the layer (receptorfcm®). For an
analte diffusing in a mediumwith uniformly distributed
binding sites,the probaility that the analte is not bound
aftertravelinga distane y into the mediumis:

P(y) = exp{—(y/A)] (17)
where the meanfree path A = [dD;/(kaR1)]"2. Thus, we

canignore the dextan layer when A > d or equivalently
when

ka < Di/(dRy) (18)

In obtadning eq. (18) we ignoredflow in the dextranlayer,
eventhough modelsfor the dextranlayerindicate that flow
penetatesinto thelayer (Witz, 1999).Whenthereis flow in
the layer, transpot is faster the mean free pathlonge and
transporteffectslesspronowncedin thelayer thanpredicted
when only diffusion is assumedo occur.

To getafeeling for whenthe dextranlayer caninfluence
trarmsport let us evaluate eq. (18) for the following
hypothetical case: a 30kDa analte in soluion has a
diffusion coefficientD = 3 x 10-° cm® / swhich is reduced
in thelayerto D; =1 x 10~ ® cm?/ s.At maximalbindingthe
SPR responseis 60 resmance units (RU). Since 1
RU= 10*1059 / cm?, Ry =2 x 10 2°M cm. For aCMS5 chip,
d=5 x 10" cm. From eq. (18), when k, > 10%/(m-s), the
mean free pathis equalto or shorterthanthe heightof the
dextran layer and transportwithin the layer may influence
the kinetics of binding.

When doestransport in the flow cell influence binding?

In the remainderof the review we assune that eq. (18) is
saisfied andthat we canignorethe dextranlayer andtreat
the flow cell asif receptas are uniformly distributed on a
flat surface We now wantto know underwhat condtions
transport (flow and diffusion) of the analyteto the sensor
surfaceinfluencesthe binding kinetics. When transpot is
fastcomparedto binding, the chemial reactiondeternines

J. Mol. Recognit.199912:293-299



INFLUENCE OF TRANSPORT ON BINDING TO SURFACE RECEPTORS

ks = 8x106 M-1s"1
0 1.0

0.8

06 C
04 Ct
0.2

0 0.5 1.0 0 0.5 1.0

ka = 8x104 M-1s"1

1.0 i ——
Y
h 0.5
0 ‘
0 0.5 10 0 0.5 10 0 0.5 1.0

x/l x/l x/l

1.0
0.8

06 C
04 CT
0.2

Plate 1. Predicted spatial variation in the concentration of free analyte, during the association phase,
at times 0.1, 1.0 and 10 s. Simulations are based on the full PDE model. The top three panels
illustrate the case where association is transport-limited (k, = 8 x 10%/(m s) and k,R;/(k,» = 4.8). The
lower three panels illustrate the reaction limit, i.e. the case where the reaction is slow relative to
transport (k, = 8 x 10%/(m s) and k,R./k,,> = 0.048). Other parameter values used in the simulations
are h=5x10%cm, | =0.24cm, ky=0.2s ", v, =10 cm/s, D= 10 cm?/s, C;=25 nm, and R; = 1.25 nm
cm. For a 14 kDa analyte, R; corresponds to 175 RU at maximal binding.
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Plate 2. Prediced spatial variation in the concentration of free analyte, during the dissociation phase.
The cases and parameters are the same as for Plate 1.
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Plate 3. Prediced distribution of free analyte, 1 s after dissociation is initiated, for six concentrations
of soluble receptor in the dissociation phase. Other parameters are given in the text.
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the binding and eq. (1) descriles the kinetics. Recall that
this requires thattherate of bindingto the surface ky Ry A,
be slow comparedto the rateof transpot to the surfacek,,
i.e.thatl>> ky Rr A/lk, where,in the preentcase A is the
areaof the senso surface k. is the transpot-limited rate
constantof the analytein the BlAcore flow cell and, as
before,Ry is the total surfacereceptor density

In a BlAcore flow cell, transpot will dependon the
postion x alongthe senso surface (Thiswasnottruein the
previoussectionwhere transportwas by diffusion alone.)
Analyte will betranspotedfastesto positionsclosesto the
inlet. During dissociaion, rebinding will be more likely to
occur at postions further along the flow cell. To a good
apprximation (Lok etal., 1983)

A (4D v.D?\
)= gy (o) 0% ()

(19)

where x is the positionalong the senso surface(Fig. 2), his
the height of the flow cell, v, is the flow velocity in the
centerof the flow cell, I" (4/3)=0.9064... (I" denotesthe
ganma function), andky, is the masstransportcoeficient.
As expeted, eq. (19) predict that transpot is faste$ near
theinlet (smal x) andincreasesvith increasng velocity and
increadng diffusion coefiicient. The derivaion of eq. (19)
ignoresreflectionof analte from theupperbourdaryin Fig.
2. This is an excelent approximaion when the time to
travessethelengthof thecell, I/{ v), is shortcomparel with
the time to diffuse from the sensorsurfaceto the refleding
bounday, h%(4D). This is the usualsituationin a BIAcore
expeiment.

Averaginged.(19)overl, thelengh of thesenso surface
we obtan

1 [3v.D2\Y? v.D?\ 73
<kM>:W<W> zl.ZSZ(W) (20)

One can estimatewhen transpot influences binding by
calculating when k; Rr A/(k,) >1 or equivalently k, R/
(km) > 1. Theinfluenceof transpot on the bindingkinetics
canbereduedby increasingheflow rate,butbecase( ky)
depend on v, to the 3 power, changingthe flow rate by a
factorof 100 will only changethetranspot coeficientby a
factor of 4.64.

To geta feeling for the size of (ky) we notethat for a
standad flow cell, with h=5x 10 °cm,w=5 x 10 ?cm
and| =0.24cm, a flow rate of 100ul/min correspmds to
V. = 10cm/s. For an analytewith D =1 x 10 ° cm?/s and
this flow rate, (ky) = 2.6 x 10 3cm/s.

K (x) =

Accounting for transport with a two-compartment
model

The SPRsignalfrom a BIAcore doesnot reportthe amount
bound as a function of x, but instea reportsan avelge
amaunt bound,the averagebeing over a centralsectio of
the senso surface Surprisingy, a two-compartmehmodel
like the one disaussedfor the sphee gives an excellent
descrigiion of the binding kinetics (the time depen@nceof
the bourd concentration avelagedover the senso surfacé
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when transporis sigrificant (Myszkaetal., 1997,1998).To
obtan the apprgriate equatims for the BlAcore one
replacesk, with A{ ky) and C with C; in eq. (3), or
equivalently in eqs(5) and (6). Calling the height of the
inner compartment h; = Vi/A and defining the quantties
B =B/h;, R=R/h;, Ry = R¢/h;, and ky, = ky/h;, eqs(3) and
(4) become

dC/dt = —ksC(Rr — B) + keB + ku(Cr = C)  (21)
dB/dt = kaC(Rt — B) — kgB (22)

Thesearetheequatimsthatareusedin thepopulr CLAMP
andBlAevaluation 3.0 softwarepackaeswhen accounting
for transporeffects.In theseprogranstheconcentationsr,
Rt andB aremeasuedin RU, the concentrationsC andCr
in M, andtheparaméersk,in 1/(M-s),kyin 1/sandky, in cm/
s. This is equivalentto settingh; =1 RU/M. As we pointed
outfor thesphee,andwhich holdsfor theBIAcoreflow cell
aswell, after a brief initial transentthe bindingkinetics are
independem of the size of the inner compartnent. Becaug
the dataare insensitiveto the value of h; it is usualto set
h; = 1 RU/M. Thisavoidshavingto divide thedatavaluesby
h; beforefitting the data.This choiceof the value for h; has
nothing to do with the physical height of the inner
compartrrent. To obtain ky, incm/s from the paraméer
deteminedby theleastsquaredit of thedata ky, in 1/s,0ne
mug multiply by 10~ anddivide by the molecularweight
of theanalyte i.e.

kv = (IRU/M)ky = (10~ "cm g/mol)ky
= (10~ "cm/MW)ky,

where we haveusedthe conversbn factor 1 RU = 100 ¢g/
cmP.

(23)

Simulating the effectsof transport

To betterunderstad the effectsof transpot we haveused
thefull PDEmodelto simulak the processeghattakeplace
in a BlAcore flow cell whentranspot in the dextranlayer
canbeignored(discussedn the Appendix). It is instructive
to look at the predicteddistribution of free analytein the
flow cell whenthe kinetics are transpot-limited and when

they arereadion-limited. In Platel, the binding phaseand
plate2, thedissociaion phasethesecase areillustrated In

the transportimited case, k,=8x10°%/(Mm-s) and k.Ry/

(km) = 4.8, while in the reactionlimited casek,=8x10Y

(M-s)andk, R+/(ky) = 0.048.All theothe paraméersin the
simulationsarethe sameandgivenin plate 1. (Recall that
when kRr/(ky) > 1, transpot influences binding, while

when k.Ry/(ku) <1, binding is readion-limited andtrans-
port hasno influence.) Plate 1 shows snapshot®f the free
analte concentrationatthreetimes,0.1,1.0and10s.In the
simulation v =10cm/s and | =0.24cm, so in the center,
y = h/2, theinitial front traversesheflow cellin 0.023s.For
the reactionlimited caseone seesa symméric parabolic
flow patten spreadout somewhatby diffusion, butby 1 s
the concentation of analste is uniform throughouthe flow

cell. Forthetranspot-limitedcaseat0.1soneseeghatthe
predictedflow patten is notsymmetric. Thebindingsurface
hasdistoitedthepatternbecawsebindingis fastcomparedto
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transpot. At 1 and10s,therearestill stronggradientsin the
analyte concentation. For the paraneters used in this
simulation, treatingthe systemasif it werewell mixedwill

yield poor estimags of the rate constans (Myszka et al.,
1998).In Plate2, simulaionsfor the dissocation phaseare
shown andsimilar argumers apply.

Blocking rebinding with soluble receptor

Whenrebinding occurs,anaccuatedeternination of ky can
sonetimes be obtainal by using soluble recepto in the
dissocation phaserather than buffer alore. At a high
enoughsoluble recepto concentration, rebinding will be
blocked andthe fraction of sitesbound during dissocation
will begivenby b= exp(—kgt).

What is the soluble receptor concentration needel to
block rebindng?Answering this queston requiresknowing
what the effectivethreedimension&concentrationis of the
two-dimensional surface concenration Ry. If the free
soluble recepto concentrabn is S, thenthe meanfree path
an analytetravek in soluion before binding to a soluble
recepto is \s = [D/(k-5)]*2 In expeimentswheresolution
and surfacereceptes compee for ligand, it canbe shown
thattheeffectivethree-dimeniena surfaceconcentrationis
Ry/1s (Goldstén et al., 1989). Thus, to block rebinding
effectively, oneneedsS > Rt//s, Or equivakntly

S > kaR2/D (24)

Although this resultwasfirst derivedfor dissociaion from
receptes on sphercal cells wheretransportis by diffusion
alore, it holdsaswell for a BIAcore flow cell (unpubished
resut).

It is often difficult to reach sufficently high soluble
recepte conceatrationsto effectively conpetewith surface
receptos for analyte,or ligand in the cell surfacerecepto
case Equation (24) indicates why: the solution concentra-
tion requiredto preventrebindng increasesvith the squae
of the free surfacerecepte concentration.

1.0 T ISAREaARS
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Figure 3. Predicted time courses of binding and dissociation,
when soluble receptor is present in the dissociation phase.
Results are plotted on a linear scale (left panel) and a log scale
(right panel). For the parameters used in the simulation (see the
text), rebinding is significant and eq. (24) predicts that a soluble
receptor concentration S > 10° nMm is required to block rebinding
and allow dissociation to proceed with the true ky.
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In Fig. 3we simulaethebindinganddissociaion kinetics
when soluble recepta is presentin the dissocation phase
The param¢ers in the simulation were chos@ so that
rebinding would be signficant. In the simulation,
ka=5x 10°/(M-s), kg=0.1/s, Cr=10 nM, Ry=1.69x
10 °M cm, and D = 10 ° cm?/s. For theseparameters,eq.
(24) predictsthat S> 10° nwm is required to block rebinding
and allow dissaiation to proceedwith the true ky. When
rebindingis blocked,the half-life of a boundligand shoul
equalln2/ky = 6.9s. In the simulations,whenS= 10 nm the
half-life equab52.4s, while whenS=10° nm it dropsto 9.1
S.

Plate 3 showsthe predicteddistribution of free analyte 1
s after disociation s initiated, for different concentrations
of solublerecepta in the disociationphase As the soluble
receptor is increa®d, the analyte concentation becomes
uniform in the x direction and the distan@ over which it
dropsto zeroin they directiondecreasg. This meansthat
the gradiens awayfrom the senso surfacebecomesharper
andtranspot by diffusion away from the surfacebecomes
faster At high enoughrecepts concentration, eq. (24),
transportis suffidently fastsothatthesystems aganin the
readion limit. Althoughfor S> 10* nm it appeasin Plate3
that the systemis uniformly mixed, if the region nearthe
senso surface were magnified, a sharp gradientin the
analte concentation would be seen.In Plate3 all analte
concentrationswith C > 0.1C, arecoloredthesamethetop
mog color onthe scale.

Summary

Whenreceptaes are confinedto a surface,the transpot of
ligandto the surfacecaninfluencethe bindingkinetics.We
havereviewed conditiors which allow oneto decidewhen
transporteffectsareimportantandwhen theyarenegligible.
We havealsoindicated waysto account for transpot when
it contibutesto the binding kinetics.Forthe BlAcore, if the
dextan layer canbe takento be thin, eq. (18), thena two-
compartment modd gives an excellent descrigiion of the
binding kinetics andcanbe usedto determire the chemial
rate consantsandthe transpot coeficient (Myszkaet al.,
1997, 1998). Howeve, when transpot within the dextran
layer influencesthe binding kinetics (Schuk, 1996), an
equivalent simple modd for determinng the correct
chenical rate constarg from the binding data hasyet to
be presentd.

Appendix

A full mathematal descrigiion of the transpot-reacton
processesdisaussedin the text, one that allows for the
continuous variaion of concentrationsin both spaceand
time, takes the form of partid differentialequatiors (PDES)
with apprgriate bounday conditiors. For the case of
ligands diffusing to receptors on cell surface, the set of
equatonsis givenin Goldstenh andDembo(1995).For the
caseof a BlAcore flow cell, the equations usedto simulate
platesl and2 aregivenin Myszka et al. (1998)andMasm
et al. (1999) The numerical method usedto solve the
equatonsis descibedin Masonetal. (1999).Theequaions
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usedto simulate Fig. 3 andplate 3 areunpublisiedbut are
straghtforwad genealizations of thosein Mason et al.
(1999) Insteadof onePDE, in the disciationphasethere
are three PDEs, one eachfor the concentrabns of free
analyte free solublereceptor and analyte—salble recepta
complex. In the simulations thediffusion coefficientsof the
analyte soluble receptes and analyte-soluble recepta
complex were taken to be the same, but this is not
necesary. It was assumeadhat the solulde recepto could
not interactwith analte boundto a surfacereceptor. This

trarslatesnto refleding bounday condiionsfor thesollble
receptor and the analyte—reeptor conplex at the sensor
surface.

Additional refereaceson the binding of ligandsto cell
surfaces include Berg and Purcell (1977), DeLisi and
Wiegel (1981) Schwartz (1976) and Shoup and Szabo
(1982) Fundamerdl references on BlAcore anaysis
include Chrigensen(1997) Glaser(1993), Karlssonet al.
(1994) Schuck(1997) andYarmushetal. (1996)

References

Berg, H. C. and Purcell, E. M. (1977). Physics of chemoreception.
Biophys. J. 20, 193-219.

Berg, O. (1978). On diffusion-controlled dissociation. Biophys. J.
31, 47-57.

Carslaw, H. S. and Jaeger, J. C. (1959). Conduction of Heat in
Solids. Oxford University Press: London; pp. 349-350.

Christensen, L. L. H. (1997). Theoretical analysis of protein
concentration determination using biosensor technology
under conditions of partial mass transport limitation. Anal.
Biochem. 249, 153-164.

Delisi, C. and Wiegel, F. W. (1981). Effect of nonspecific forces
and finite receptor number on rate constants of ligand-cell
bound-receptor interactions. Proc. Natl Acad. Sci. USA 78,
5569-5572.

Erickson, J., Goldstein, B., Holowka, D. and Baird, B. (1987). The
effect of receptor density on the forward rate constant for
binding of ligands to cell surface receptors. Biophys. J. 52,
657-662.

Garland, P. B. (1996). Optical evanescent wave methods for the
study of biomolecular interactions. Q. Rev. Biophys. 29, 91—
117.

Glaser, R. W. (1993). Antigen-antibody binding and mass
transport by convection and diffusion to a surface: a two-
dimensional computer model of binding and dissociation
kinetics. Anal. Biochem. 213, 152-161.

Goldstein, B. and Dembo, M. (1995). Approximating the effects of
diffusion on reversible reactions at the cell surface: ligand-
receptor kinetics. Biophys. J. 68, 1222-1230.

Goldstein, B., Posner, R. G., Torney, D., Erickson, J., Holowka, D.
and Baird, B. (1989). Competition between solution and cell
surface receptors for ligand: the dissociation of hapten bound
to surface antibody in the presence of solution antibody.
Biophys. J. 56, 955-966.

Karlsson, R., Roos, H., Fagerstam, L. and Persson, B. (1994).
Kinetic and concentration analysis using BIA technology.
Meth. Companion Meth. Enzymol. 6, 99-110.

Lok, B. K., Cheng, Y.-L. and Robertson, C. R. (1983). Protein
adsorption on crosslinked polydimethyl-siloxane using total
internal reflection fluorescence. J. Colloid Interface Sci. 91,
104-116.

Copyright© 1999JohnWiley & Sons,Ltd.

Mason, T., Pineda, A. R., Wofsy, C. and Goldstein, B. (1999).
Effective rate models for the analysis of transport-dependent
biosensor data. Math. Biosci. 159, 123-144.

Myszka, D. G., Morton, T. A., Doyle, M. L. and Chaiken, I. M.
(1997). Kinetic analysis of a protein antigen—antibody inter-
action limited by mass transport on an optical biosensor.
Biophys. Chem. 64, 127-137.

Myszka, D. G., He, X., Dembo, N., Morton, T. and Goldstein, B.
(1998). Extending the range of rate constants available from
BlAcore: interpreting mass transport influenced binding data.
Biophys. J. 75, 583-594.

Schuck, P. (1996). Kinetics of ligand binding to receptor
immobilized in a polymer matrix, as detected with an
evanescent wave biosensor. I. A computer simulation of the
influence of mass transport. Biophys. J. 70, 1230-1249.

Schuck, P. (1997). Use of surface plasmon resonance to probe the
equilibrium and dynamic aspects of interactions between
biological macromolecules. A. Rev. Biophys. Biomol. Struct.
26, 541-566.

Schwartz, M. (1976). The adsorption of coliphage to its host:
effect of variations in the surface density of receptor and in
phage-receptor affinity. J. Mol. Biol. 103, 521-536.

Segel, L. A. and Slemrod, M. (1989). The quasi-steady-state
assumption: a case study in perturbation. SIAM Rev. 31, 446—
477.

Shoup, D. and Szabo, A. (1982). Role of diffusion in ligand binding
to macromolecules and cell-bound receptors. Biophys. J. 40,
33-39.

Smoluchowski, M. V. (1917). Versuch einer mathematischen
theorie der koagulationskinetik kolloider losungen. Z. Phys.
Chem. 92, 129-168.

Witz, J. (1999). Kinetic analysis of analyte binding by optical
biosensors: hydrodynamic penetration of the analyte flow
into the polymer matrix reduces the influence of mass
transport. Anal. Biochem. 270, 201-206.

Yarmush, M. L., Patankar, D. B. and Yarmush, D. M. (1996). An
analysis of transport resistances in the operation of BIA-
CORE: Implications for kinetic studies of biospecific interac-
tions. Mol. Immunol. 33, 1203-1214.

J. Mol. Recognit.199912:293-299



