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Investigating protein–protein interactions by muta-
tional analysis requires practical techniques for quan-
tifying rate constants and equilibrium constants over
several orders of magnitude with reasonably high
sample throughput. We have employed spectroscopic
interferometry for label-free monitoring of the inter-
action between the cytokine interferon a2 (IFNa2) and
the extracellular domain of its receptor ifnar2 (ifnar2-
EC). We implemented a versatile surface chemistry for
the glass substrate of this transducer for covalent im-
mobilization of proteins. Affinity capturing with a
monoclonal anti-ifnar2-EC antibody (mAb) followed
by crosslinking with a second, noncompetitive mAb
provided stable, but still reversible, immobilization of
ifnar2-EC. We measured kinetics and affinity of nu-
merous of mutants of IFNa2 and ifnar2-EC. Dissocia-
ion rate constants up to 0.3 s21 and association rate

constants up to 3 3 106 M21 s21 were resolved by the
system. Dissociation constants down to 200 mM were

easured with protein concentrations up to 50 mM
without no background signal or nonspecific binding.
The instrument detection limit is ;10 pm without the
need for temperature stabilization or referencing
channels. The system proved effective for large-scale
mutational analysis involving alanine scanning mu-
tagenesis and double mutant cycles. © 2001 Academic Press
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Specific recognition of growth factors, hormones, or
cytokines at cell surface receptors triggers signal
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transduction into the cell. Systematic design of antag-
onists and agonists for such receptors requires under-
standing of these interactions on a structural and ther-
modynamic level. With an increasing number of
receptors being discovered and cloned, techniques for
characterizing these interactions are tremendously
gaining importance. Mutational analysis in combina-
tion with biophysical characterization is the method of
choice to probe protein–protein interactions on a func-
tional level. By alanine scanning mutagenesis, ener-
getic contributions of groups or individual amino acid
residues to the complex stability can be quantified (1–
3). Double or multiple mutant cycle analysis enables
probing free energy and cooperativity of interactions
between individual amino acid residues (4, 5). For
these investigations, however, changes in affinity and
kinetics of complex formation upon mutation must be
measured accurately. Both subtle effects and changes
in affinity over several orders of magnitude must be
quantified with reasonably high throughput and mod-
erate sample consumption.

Label-free solid-phase detection has proved to be a
versatile tool in biomolecular interaction analysis (BIA).2

Surface plasmon resonance (SPR) and other techniques
based on evanescent field interrogation have been em-
ployed to monitor binding to immobilized compounds,
thus giving access to thermodynamics and kinetics of the
interaction (6–8). The heterogeneous-phase format facil-
itates sample handling and automatization and effec-
tively limits sample consumption. However, immobiliza-
tion of proteins is required, which can substantially affect

2 Abbreviations used: ifnar, type I interferon receptor; IFN, inter-
feron; mAb, monoclonal antibody; EC, extracellular domain; EDC,
ethyl-dimethylaminpropyl carbodiimide; NHS, N-hydroxy-succinim-
ide; SPR, surface plasmon resonance; PEG, poly (ethylene glycol);
RIfS, reflectometric interference spectroscopy; AMD, amino-func-
tionalized dextran; CD, carboxyl-functionalized dextran layer; BIA,
biomolecular interaction analysis; BSA, bovine serum albumin; IgG,

immunoglobulin; wt, wild type; mut, mutant; ifnar2-EC-bi, biotinyl-
ated ifnar2-EC; GOPTS, glycidyloxipropyltrimethoxysilane.
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kinetics and thermodynamics of the interaction. Thus,
appropriate surface modification for a functional immo-
bilization of proteins remains a critical task, which must
be individually optimized and validated for each system.
While absolute kinetic and thermodynamic parameters
often do not agree with data from homogeneous-phase
methods (9), solid-phase detection has proved to be very
reliable for mapping relative changes upon mutation (1,
3). Extensive mutational analysis of a binding site includ-
ing double and multiple mutant cycles requires vast
numbers of measurements, exponentially growing with
the subset of mutants being investigated. Immobilization
techniques for stable, but reversible, affinity capturing
could effectively facilitate mutational analysis. Estab-
lished systems such as antibodies or metal chelates in-
teracting with His6-tagged proteins do often leak out
considerably (10) and are therefore of limited benefit for
extensive screening. Further limitations of label-free sol-
id-phase detection arise from high background signals for
two reasons: first, owing to the mass-sensitive detection,
specific interactions cannot be discriminated from non-
specific adsorption to the surface. Second, composition
and refractive index of the sample affect the signal, in
particular, in evanescent field interrogation such as SPR.
Both nonspecific binding and bulk refractive index in-
crease with sample concentration. Thus, sophisticated
instrumentation with referencing and temperature sta-
bilization is required for detecting binding affinities in
the micromolar range (11).

In contrast to evanescent field interrogation, reflec-
tometric techniques such as ellipsometry or inter-
ferometry selectively probe physical layers attached to
a surface (12). Reflectometric interference spectroscopy
(RIfS) has successfully been employed for time-re-
solved detection of biomolecular interactions (13, 14),
with detection limits of a few picograms per square
millimeter (15). Here, we describe the application of
RIfS for label-free monitoring of protein–protein inter-
actions. Suitable and versatile surface chemistry for
covalent attachment of proteins onto the silica surface
of the transducer was developed and thoroughly char-
acterized. Different strategies were investigated to im-
mobilize the extracellular domain of the type I inter-
feron receptor ifnar2 (ifnar2-EC) for monitoring the
binding of interferon a2 (IFNa2) in real time. Using
numerous mutants of IFNa2 and ifnar2-EC, we mea-
sured rate constants up to 0.3 s21 and dissociation
constants up to at least 200 mM with high accuracy
without the need for referencing background effects.

MATERIALS AND METHODS

Materials

GOPTS and sodium periodate were purchased from
Fluka, dextrans and glutaric anhydride were from

Sigma, and sodium cyanoborohydride was from Al-
drich. Carboxy-functionalized polyethylene glycol
(PEG) (2000 g/mol) was from Rapp Polymere (Tübing-
en, Germany). Amino-functionalized dextrans of differ-
ent molecular mass (Mr of 39.5 and 476 kg/mol, termed
AMD40 and AMD500, respectively, in the following)
were prepared by diol oxidation followed by reductive
amination. In 38 ml water, 2 g (12 mmol anhydroglu-
cose units) dextran was dissolved and reacted with 287
mg (1.35 mmol) sodium periodate at 4°C for 7 h. After
dialysis against water, 10 ml (167 mmol) ethanolamine
adjusted to pH 8.0 and 1.5 mg (24 mmol) sodium cya-
noborohydride were added. After 12 h at room temper-
ature, an additional 1 mg (1.6 mmol) sodium cyanobo-
rhydride was added. After an additional 12-h reacting
period, the solution was extensively dialyzed against
25 mM 4-morpholinepropanesulfonic acid, pH 7.5. The
dextran was precipitated by adding the eightfold vol-
ume of methanol, filtered on a sintered glass funnel,
and washed with methanol.

Human IFNa2 and ifnar2-EC expressed in Esche-
richia coli were refolded and purified to homogeneity
as described earlier (16). Amino acid residues in the
binding site were mutated to alanine by site-directed
mutagenesis as described (3, 17). Solutions of IFNa2

ere concentrated up to 1–3 mM using Fugisep spin
oncentrators (Intersep, UK). Ifnar2-EC at 20 mM con-

centration was biotinylated by reaction with a twofold
molar excess of biotin amidocaproate N-hydroxysuccin-
imide in 20 mM Hepes, pH 7.2, for 12 h at 4°C. Mono-
clonal anti-ifnar2-EC antibodies 46.10 and 117.7 puri-
fied by fractionated ammonium sulfate precipitation
were a gift from D. Novick, The Weizmann Institute of
Science.

Surface Modification

Carboxyl-functionalized dextran layers (CD40 and
CD500, obtained from AMD40 and AMD500, respec-
tively) were prepared by a three-step chemical modifi-
cation of the silica surface of the transducer. Prior to
silanization, the substrate surface was cleaned by
treatment with 3 M sodium hydroxide for 5 min fol-
lowed by incubation with a freshly prepared piranha
solution (60% concentrated sulfuric acid and 40% of a
30% hydrogen peroxide solution) for 1 h. After rinsing
with water, the surface was dried in a nitrogen stream.
The surface was silanized by incubating pure GOPTS
(5 ml/cm2) at 75°C for 15 min, avoiding exposure to the
atmosphere by assembling two slides face to face. The
slides were allowed to cool down to room temperature
for 15 min, washed with dry acetone, and dried in a
nitrogen stream. On the freshly silanized surface, 5
ml/cm2 of a solution of 1 mg AMD in 2 ml water was
incubated for 24 h in a water-vapor-saturated chamber
with two surfaces being assembled face to face. The

slides were thoroughly rinsed with water and dried in
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a nitrogen stream. To introduce carboxylic groups into
the dextran layer, ;50 mg glutaric anhydride was mol-
en on the surface at 75°C for 2 h in a face-to-face

assembly, rinsed with water, and dried with nitrogen.
These slides were stored for several weeks without any
significant loss in binding capacity. Carboxy-termi-
nated high-density PEG layers were prepared from
a,v-dicarboxy PEG (2000 g/mol) as described earlier
(18). AMD (1 mg in 2 ml water) was coupled to the
exposed carboxyl groups of these layers by amide cou-
pling using the water-soluble carbodiimide EDC and
subsequently reacted with glutaric anhydride as de-
scribed above. These surfaces are referred to as PCD40
and PCD500 according to the molecular weight of the
AMD coupled to the PEG.

Ellipsometry

Surface loading of the dextran layers before and
after coupling of glutaric anhydride was determined by
ellipsometry using a null ellipsometer (AutoEL, Ru-
dolph Research, Flanders, NJ) with a He–Ne laser
light source, l 5 632.8 nm, and an angle of incidence at
70°. The refractive index was assumed to be 1.5 for all
deposited layers in a three-phase model “substrate/
organic layer/air.” An average of measurements at
three spots of a sample gave the resulting thickness of
the layer, and three samples were measured. The
thickness of the native silica layer on the surface of the
silicon was measured after treatment with piranha
solution and was found to be between 1.1 and 1.5 nm.
The surface loading was estimated from the layer
thickness assuming a density of 1.2 g/cm3 correspond-
ing to the refractive index of 1.5 (19).

Contact Angles

Advancing and receding contact angles were mea-
sured with a goniometer (NRL 100, Ramé-Hart, Moun-
tain Lakes, NJ) using fresh ultrapure water (MilliQ,
Millipore AB, Sweden) in laboratory atmosphere. The
samples were taken from the same batches as for the
ellipsometric measurements. One measurement of the
advancing and receding contact angle was done per
sample; results from four to five samples were aver-
aged.

RIfS Measurements

Interactions of proteins with the surface were mon-
itored by RIfS (20). The principles and the experimen-
tal setup of this technique for monitoring binding
events at interfaces were discussed in detail previously
(13, 16). The apparent optical thickness of a thin silica
layer (500–600 nm) is determined by white light inter-
ference. Changes in thickness upon protein binding at

the surface of this layer are monitored as a shift of an m
extremum of the interference spectrum (Fig. 1A). The
setup schematically depicted in Fig. 1B was realized by
modifying a commercial, diode-array-based spectro-
photometer (Spekol 1100, AnalytikJena, Germany) as
described earlier (14). The transducer slides (custom-
made by Schott, Germany) were mounted in a flow cell
with a 1-mm-wide and 0.05-mm-deep flow channel.
Sample handling was carried out with a dual syringe
device (Microlab 541C, Hamilton, Switzerland), com-
bined with a distribution valve (MVP, Hamilton, Swit-
zerland) and an autosampler (Remote 50KK, Ismatec,
Switzerland). The software “Measure” (G. Kraus, No-
vartis, Switzerland) was used for synchronized control
and data acquisition. Binding curves R(t) were re-
corded as shift of the minimum of the reflectance spec-
trum (order 1.5 at ;560 nm) vs time with a time
resolution of 1 s. A change of the surface loading of 1
ng/mm2 protein leads to a shift R ' 1 nm, correspond-
ing to ;1000 RU of the Biacore system (unpublished
esults). All binding curves were corrected by subtract-
ng a blank run averaged from two to four measure-

FIG. 1. Principle and implementation of reflectometric interfer-
ence spectroscopy. (A) The interference pattern of a thin layer is
shifted upon binding to this layer. The shift of the interference
minimum at ;560 nm is monitored with time. (B) Experimental
setup for measuring protein–protein interactions with RIfS.
ents.
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All measurements were carried out in buffer contain-
ing 20 mM Hepes, 150 mM NaCl, and 0.01% Triton
X-100 with a pH of 7.5 at room temperature (;23°C).
Proteins were covalently immobilized by amide cou-
pling chemistry. Carboxyl groups were activated by a
30 s pulse of freshly prepared solution 0.1 mM NHS
and 0.0375 mM EDC. To enhance coupling by electro-
static preconcentration, ifnar2-EC was diluted into 10
mM sodium acetate, pH 4.2, and antibodies and
streptavidin were diluted into 10 mM sodium acetate,
pH 4.9. Protein solutions were injected at 1 ml/s for 2
min and were incubated for an additional 2 min at
stopped flow. After rinsing, 1 M dimethylaminopropyl-
amine was injected for 2 min to remove residual acti-
vated groups. For BIA experiments, protein stock so-
lutions were diluted at least 40-fold into the running
buffer prior to injection. Sample volumes of 500 ml were

lled into the sample tubing, being separated from the
ow buffer by an 500-ml air segment. The samples were

injected with a speed of 25 ml/s for 10 s, followed by an
additional 125 s at 1 ml/s. After injection, the residual
sample was discarded and the flow cell was rinsed with
buffer at 25 ml/s. Nonspecific adsorption at the surface
was investigated by incubating 1 mg/ml BSA. Electro-
static preconcentration was investigated with 20 mg/ml
IFNa2 in 10 mM acetate, pH 4.7, and with 50 mg/ml
sheep IgG in 10 mM acetate, pH 4.9.

Data Analysis

By flowthrough detection, the concentration of the
binding ligand is maintained constant, thus providing
pseudo-first-order conditions. Association and dissoci-
ation rate constants (ka and kd) were determined from
the binding curves by fitting the model for a simple 1:1
interaction using the program BIAeval 2.1 (Biacore
AB, Sweden). Dissociation constants KD were deter-

ined either from the rate constants according to

KD 5
kd

ka
[1]

or from the equilibrium response Req at different con-
centrations c by fitting the law of mass action

Req 5 Rmax

c
KD 1 c [2]

with Rmax being the maximum response. The parame-
ters KD and Rmax were fitted, when the total amplitude
was covered with data points. At low binding affinities
(KD . 10 mM), maximum Req were lower than 75% of
Rmax, and the value for Rmax taken from a mutant with
higher affinity was fixed and only K was fitted. Diffu-
D

sion rate constant kdiff and the diffusion layer thickness
d were determined from diffusion controlled electro-
static binding according to the [1] Fickian law

J~x! 5 2D
c0 2 c

d
5 kdiff~c0 2 cs! [3]

with the diffusion coefficient D, the bulk concentration
0, and the surface concentration cs, assuming that

c 0 2 c s ' c 0 (21).
Changes in interaction energy upon mutation were

calculated from the dissociation constants KD and from
dissociation rate constants kd of wild-type (wt) and
mutant (mut) proteins according to

DDG KD
0 5 RT ln

K D
mut

K D
wt [4]

and

DDG kd
‡ 5 RT ln

k d
mut

k d
wt [5]

as described in detail previously (17).

RESULTS

Surface Modification and Characterization

Carboxyl-functionalized dextran layers obtained
from different AMD and different coupling strategies
were characterized with respect to surface loading,
nonspecific binding, and electrostatic preconcentration
of proteins. After all coupling reactions, the surfaces
remained clear without any visible heterogeneity. The
attachment of AMD by directly coupling to GOPTS-
activated surfaces was characterized by ellipsometry
and contact angle measurements (Table 1). After cou-
pling AMD500 and AMD40, a surface loading of 2.2
and 1.0 ng/mm2, respectively, was observed. The com-

arably low wetting by water on the GOPTS-treated
urface (Qad 5 48° (18)) changed to complete wetting by

water after coupling the AMD. During reaction with
glutaric anhydride, the surface loading increased by an
additional 2.6 ng/mm2 for AMD500 and 1.4 ng/mm2 for

MD40, respectively. From the molecular masses of
he anhydroglucose monomer unit (162 g/mol) and the
onoglutarate moiety (114 g/mol), the concentration of

arboxylic groups is estimated to be 1.7 per anhydro-
lucose group in the CD500 and 2.4 in the CD40. The
etting of the surfaces decreased substantially after

eaction with glutaric anhydride, with contact angles
ad of 37° for CD40 and 44° for CD500, probably due to

the hydrophobic aliphatic backbone of the glutaric an-
hydride. The high hysteresis of 14° for CD40 and 21°

for CD500, respectively, indicates high flexibility of the
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dextran layers, which increased with the molecular
mass of the dextran. On PEG-modified surfaces, less
change in wetting upon coupling of AMD was observed,
indicating that less dextran was attached by this
method. However, surface loading and wetting were
not quantified for these layers.

Data Correction, Time Resolution, and Detection
Limits

Protein binding to the surfaces was monitored by
RIfS in a flowthrough system. Typical blank runs with
only running buffer in the sample injected on CD500
and CD40 surfaces with immobilized protein are
shown in Fig. 2A. Changes in the flow rate during
loading of the sample, injection, and rinsing clearly
affected the signal. The exact reasons for this effect are
not clear, but a significant dependence on the surface

TAB

Surface Analysis by Ellipsometry and by C
of AMD and Reaction wit

Surface AMDa (ng/mm2) GAa (ng/mm2)

CD40 1.0 6 0.2 1.4 6 0.2
D500 2.2 6 0.2 2.6 6 0.2

a Estimated from the ellipsometrically determined thickness of th
b Average number of monoglutarate moieties per anhydroglucose
c Wetting by water, determined after reaction with glutaric anhyd

FIG. 2. Data correction and detection limits. (A) Blank runs, i.e.,
injections of the running buffer, on CD500 (—) and CD40 (zzz) with
immobilized protein, three consecutive curves for each surface. The
cycle includes the preinjection baseline (I), loading of the sample (II),
injection (III), and rinsing (IV). (B) One of the blank runs on CD500

shown in A after correction with a second blank run and a linear fit
over the corrected sensorgram.
chemistry was observed: the larger the dextran and the
more protein was immobilized, the stronger were the
amplitudes of changes upon changing the flow rates (cf.
Fig. 2A). To eliminate such perturbations of the signal,
all binding curves were corrected by subtracting a
blank run, which was regularly measured throughout
the experiments. It must be emphasized that these
blank runs exclusively correct for system parameters,
not for background related to the sample. One of the
blank runs on CD500 shown in Fig. 2A after correction
with a second blank run is shown in Fig. 2B. The root
mean square noise of the system at 1 Hz spectra ac-
quisition was determined from a linear fit of this curve
to be ,2 pm for all curves investigated. Thus, changes
in surface loading down to 10 pm corresponding to ;10
pg/mm2 can be clearly detected by the system. The drift
determined from the linear fit of the corrected blank
runs was ,0.01 pm/s for all curves investigated and is
therefore negligible for binding curves carried out
within a few hundred seconds. It must be mentioned,
however, that other, nonstatistical parameters such as
instabilities due to sample handling can also affect the
actual detection limit in an individual experiment.

The time resolution in solid-phase detection is typi-
cally limited by the sample handling, i.e., by the time
needed to exchange the sample in the flow cavity. The
times for rise and fall of the sample concentration were
measured by injecting 1 M NaCl in the same buffer as
the running buffer. A representative set of three con-
secutive injections of this solution is shown in Fig. 3A.
Within 3 s, the maximum concentration is reached
with a mean rate constant of 1.7 s21 as determined by
an exponential fit (Fig. 3B). During rinsing, the sample
was completely removed within 3 s with a time con-
stant of 1.1 s21 (Fig. 3C). Thus, rate constants up to
;0.3 s21 for both association and dissociation can be
determined with this system.

Functional Properties and Mass Transport Limitation

Nonspecific binding as well as the capacities and the
rates of electrostatic binding at the CD layers are sum-
marized in Table 2. All CD-modified surfaces showed

1

tact Angle Measurements after Coupling
lutaric Anhydride (GA)

Molar ratiob Qad (°)c Qre (°)c H (°)c

1.7 37 6 2 23 6 2 14 6 2
2.4 44 6 2 23 6 2 21 6 2

extran layer.
nomer unit of the dextran.
e.
LE

on
h G

e d
less than detectable nonspecific binding during incuba-
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tion of 1 mg/ml BSA at physiological ionic strength and
pH (less than 20 pm during the total incubation time).
At low ionic strength and a pH below the pI of the
proteins, strong electrostatic binding of proteins to the
CD surfaces was observed as shown in Fig. 4A for
sheep IgG on different surfaces. The preconcentrated
proteins were completely removed during rinsing with
buffer of physiological pH and ionic strength. The bind-
ing capacities of the surfaces varied between different
proteins, as well as the molecular mass of the coupled
dextran and the coupling method. Higher binding ca-

FIG. 3. Determination of the time resolution as defined by the rise
nd fall times of sample concentration in the flow cell. (A) Concen-
ration profile measured by injecting the running buffer containing 1

NaCl (overlay of three consecutive runs). (B and C) Enlarged
iews of the rise and fall regions of the injection, respectively, as
ndicated by the boxes in sensorgram A.

TAB

Functional Properties of D

Surface

IFNa2a

Maxd (nm) Slopee (pm/s)

CD40 6.4 6 0.5 360 6 20
CD500 31 6 2 370 6 20
PDX40 4.5 6 0.3 350 6 20
PDX500 15 6 1 370 6 20

a 20 mg/ml IFNa2 in 10 mM acetate, pH 4.7.
b 50 mg/ml sheep IgG in 10 mM acetate, pH 4.9.
c 1 mg/ml BSA in 20 mM Hepes, pH 7.5, 150 mM NaCl, and 0.01%
d
 Maximum binding after a 180-s injection period.
e Slope of the binding curve at 5 ml/s injection flow rate.
pacity was observed for AMD of higher molecular mass
and for AMD directly coupled to the silanized surface
compared to AMD coupled via a PEG layer. Thus, the
binding capacity of the surface can be controlled with
the amount of attached dextran, as we have shown
before for antibody–hapten interactions (19).

The rates of electrostatic binding were linear over
the first 50% of the maximum binding amplitude, in-
dicating mass transport limitation due to very fast
electrostatic association. These mass transport limited
rates were ;350 pm/s for IFNa2 (20 mg/ml) and ;640
pm/s for IgG (50 mg/ml) at a flow rate of 5 ml/min for all

2

erently Modified Surfaces

IgGb BSAc

Maxd (nm) Slopee (pm/s) Maxd (pm)

14 6 1 630 6 20 ,20
42 6 3 640 6 20 ,20
9.1 6 0.5 640 6 20 ,20

25 6 2 650 6 20 ,20

riton X-100.

FIG. 4. (A) Preconcentration of IgG in 10 mM acetate, pH 4.9, on
CD500 (—), PCD500 (zzz), CD40 (- - -), and PCD40 (z-z-z). The bar
indicates the injection period. (B) Protein immobilization by amide
coupling chemistry including activation (I), coupling (II), and deac-
tivation (III). The two curves are typical examples for the immobili-
zation of ifnar2-EC on CD500 (—) and of mAb 46.10 on CD40 (---).
Note the different background signal during activation and deacti-
vation on the two different surfaces.
LE

iff

T
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surfaces. For CD500 layers, though, significant de-
crease in the binding rate followed by another increase
was observed (Fig. 4). Since the interferometric shift
increases linear with the surface loading (unpublished
results), the shape of the curve suggests that substan-
tial rearrangement of the layer takes place during
binding. Assuming a diffusion coefficient of D 5 5 3
10211m2/s for IgG, the diffusion layer thickness d is
estimated to be 5–10 mm. The diffusion rate constants
kdiff for the proteins are 1.3 3 1025 m/s for IgG and
1.8 3 1025 m/s for IFNa2. For measuring association
kinetics of biomolecular interaction at the surface, the
maximum rate of the protein–protein association L 5

a z Gmax should not exceed the maximum diffusion rate
kdiff (21). At a typical maximum binding of 200 pg/mm2

IFNa2, L is 1 z 1025 m/s for an association rate constant
of 1 3 106 M21 s21. Thus, maximum association rate
onstants of 1–5 3 106 M21 s21 can be determined with

this system, depending on the molecular mass of the
protein and the surface loading.

Immobilization of Ifnar2-EC

Stable immobilization of ifnar2-EC without affecting
its functional properties is a prerequisite for assessing
accurate parameters of affinity and kinetics of large
numbers of different mutants. Three different tech-
niques for immobilizing ifnar2-EC were investigated:
(i) amine-selective, covalent coupling; (ii) binding of
biotinylated ifnar2-EC to immobilized streptavidin;
and (iii) affinity capturing with monoclonal anti-if-
nar2-EC antibodies.

Proteins were covalently coupled to CD after activat-
ing the carboxylic groups with EDC/NHS as estab-
lished for other biosensor systems (22). The coupling
efficiency of the glutaric acid residues, however, proved
to be higher than the a-oxyacetic acid groups typically

sed in biomolecular interaction analysis. Therefore, a
vefold lower concentration of the activating reagent
DC was used (37.5 mM), while a higher concentration
f NHS was applied to avoid possible transesterifica-
ion. Sensorgrams of immobilization including activa-
ion, coupling at low ionic strength and pH below the pI

of the protein as well as deactivation of the remaining
active esters are shown in Fig. 4B. Interestingly, the
background signals during activation and deactivation
are substantially stronger for CD500 compared to
CD40, suggesting that the background strongly in-
creases with the protein-binding capacity of the inter-
facial layer. Ifnar2-EC was typically coupled to CD500
layers (Fig. 4B), irreversibly immobilizing 4–6 nm of
protein. However, only a minor fraction of the immo-
bilized protein (5–10%) was active, binding a maxi-
mum of 200–350 pm IFNa2 (Fig. 5A). The fraction of
active protein varied between different ifnar2-EC mu-

tants, and some mutants (W74A, E79A, and D106A)
completely lost their activity. Wild-type ifnar2-EC lost
;75% of its activity during 1 day. The main drawback
of this immobilization method, however, was the fact
that the maximum loading Rmax was different for dif-
erent mutants of IFNa2, decreasing with decreasing

affinity (Fig. 5A). Apparently, covalent coupling below
the pI resulted in species with different affinity (cf.
below).

Biotinylated ifnar2-EC (ifnar2-EC-bi) was captured
with streptavidin immobilized on CD500 (;5 ng/mm2).
Approximately 300–500 pm ifnar2-EC-bi was attached
irreversibly (data not shown), binding a maximum of
200–300 pm IFNa2 (Fig. 5B). Thus, approximately
75% of the receptor was functionally immobilized un-
der these conditions. Comparing binding of different
IFNa2 mutants showed that in contrast to the direct
coupling procedure the same maximum loading Rmax

was obtained (Fig. 5B). Furthermore, immobilized if-
nar2-EC-bi was significantly more stable, with a loss of

FIG. 5. Kinetics of binding of IFNa2 wt (—) and the mutant L26A
(zzz) to differently immobilized ifnar2-EC. (A) Ifnar2-EC directly im-
mobilized to the surface by amide coupling with electrostatic precon-
centration (CD500). (B) Biotinylated ifnar2-EC captured by co-
valently immobilized streptavidin (CD500). (C) Ifnar2-EC captured
with immobilized mAb 46.10 and crosslinked by mAb 117.7.
;20% binding capacity per day.
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To reversibly immobilize ifnar2-EC by affinity cap-
turing, a monoclonal antibody raised against soluble
ifnar2-EC, which does not neutralize IFN activity
(monoclonal antibody (mAb) 46.10 (23)) was covalently
coupled to CD40 surfaces (Fig. 4B). Typically, 2.5–3 nm
of antibody was immobilized, which specifically bound
400–500 pm ifnar2-EC (Fig. 6). Taking the relative
molecular mass of the proteins into account (25 kDa for
ifnar2-EC, 75 kDa per binding site of the antibody),
approximately 40–50% of the immobilized antibody
was binding ifnar2-EC. This is in the range expected
for an antibody preparation purified only by ammo-
nium sulfate precipitation, indicating that most of the
antibody remained active during immobilization. Dis-
sociation of the captured ifnar2-EC was very slow, with
a dissociation rate constant k d , 1 3 1024 s21. During
inding experiments, however, significant leaking out
as observed, with a loss in binding capacity of ;5%

per injection. To improve the stability, we used the

FIG. 6. Immobilization of ifnar2-EC by affinity capturing. (A) Bind-
ing curve for capturing ifnar2-EC with immobilized mAb 46.10,
followed by crosslinking with mAb 117.7. (B) Schematic illustration
of the immobilization procedure.

TAB

Rate Constants and Affinities of the Interaction
for Differently Im

Immobilization
of ifnar2-EC

IF

Gmax (pg/mm2) k a (106 M21 s21)

Covalent 150–300 2.0 6 0.4
Biotinylated 200–300 3.2 6 0.5

mAb 200–500 3.0 6 0.5
avidity of a second, noncompetitive mAb for crosslink-
ing ifnar2-EC after capturing it on the surface as sche-
matically depicted in Fig. 6B. Immediately after cap-
turing ifnar2-EC with mAb 46.10 immobilized on the
chip, the second anti-ifnar2-EC mAb (117.7 (23)) was
injected (Fig. 6A). This antibody does not affect binding
of IFN and binds ifnar2-EC noncompetitive to 46.10
with a dissociation rate constant of 2 3 1023 s21 when
immobilized on the surface. As a second antibody, how-
ever, 117.7 bound quasi-irreversible to the immobilized
ifnar2-EC (Fig. 6A). The ratio between the amounts of
ifnar2-EC and 117.7 was 2.5–2.8 throughout various
experiments, indicating that each antibody molecule
crosslinked two ifnar2-EC molecules. This cooperative
interaction substantially reduced dissociation of if-
nar2-EC, with a typical loss in IFN-binding capacity of
,1% per binding cycle. Immobilized by this method,
ifnar2-EC was stable over several days, with a loss in
binding capacity of #20% per day. The surface was
egenerated with a 30-s pulse of 50 mM HCl and could
epeatedly be loaded with ifnar2-EC. Thus, a single
hip was typically usable for over 1 week. Further-
ore, mutants, which were not stable enough to be

mmobilized by direct covalent coupling, were function-
lly immobilized by using this technique.

inetics of IFN Binding to Immobilized Ifnar2-EC

We used the RIfS system described in this study for
thorough mutational analysis of the binding interface
etween ifnar2 and IFNa2. This included high-resolu-

tion mapping of residues involved in the interaction
(17) and double-mutant cycle screening for localizing
interactions between individual amino acid residues
(unpublished results). Such investigations required ac-
curate quantification of both subtle changes in rate
constants and changes in affinity over several orders of
magnitude with a high sample throughput. Thus, we
thoroughly assessed the potentials and the limitation
of the method for biomolecular interaction analysis, as
well as potential influence of the immobilization meth-
ods.

Rate constants and affinities for the interaction of
the wild-type IFNa2 with wild-type ifnar2-EC immo-

3

f IFNa2 Wild-Type and Ifnar2-EC Determined
bilized Ifnar2-EC

2 IFNb

k d (s21) KD [nM] k d (s21)

0.020 6 0.001 10 6 2 0.017 6 0.002
0.011 6 0.002 4 6 1 0.011 6 0.002
LE

o
mo

Na
0.012 6 0.001 4 6 1 0.011 6 0.002
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bilized by different methods are compared in Table 3.
Covalent immobilization of ifnar2-EC typically gave
150–250 pm (i.e., ;200 pg/mm2) maximum binding of
wild-type IFNa2 (Fig. 5A), which was very suitable for
analyzing the binding kinetics. The dissociation kinet-
ics were fit by a single exponential decay with little
systematic deviation, indicating a low level of rebind-
ing. The dissociation rate constant for the wild-type
proteins was 0.02 6 0.001 s21 as determined from more
than 20 measurements (cf. Table 3). Changes in disso-
ciation rate constants upon mutation down to 20%
were resolved with the detection system (17). When
ifnar2-EC was biotinylated and then captured on im-
mobilized streptavidin, dissociation was significantly
slower with dissociation rate constants of 0.011 6
0.002 s21 (cf. Fig. 5B and Table 3). A similar, but less

ronounced, behavior was observed for IFNb (Table 3).
Essentially the same dissociation rate constant
(0.012 6 0.002 s21) was measured, when ifnar2-EC was
immobilized by affinity capturing (Fig. 5C). For these
dissociation curves, significant biasing of single expo-
nential dissociation was observed, which could be at-
tributed to rebinding during dissociation. This phe-
nomenon, however, was not investigated in more
detail, but comparison of IFNa2 mutants with different
dissociation rate constants confirmed that it depended
only on the absolute dissociation rate constants and
was not due to the different immobilization techniques
(Figs. 7A and 7B). Dissociation rate constants of mu-
tants of IFNa2 and ifnar2-EC discussed in this paper
are compared in Table 4. Dissociation rate constants
up to 0.3 s21 were clearly resolved by this system as
shown in Fig. 7C for IFNa2 wild-type binding to the
fnar2-EC mutant E79A.

Also for the association kinetics, comparable differ-
nces for the different immobilization techniques were
bserved. For the covalently immobilized wild-type if-
ar2-EC, an association rate constant of 2.0 3 106 M21

s21 was determined for IFNa2. For the other two im-
obilization techniques, significantly higher rate con-

tants of 3.2 3 106 M21 s21 for biotinylated ifnar2-EC
and of 3.0 3 106 M21 s21 for affinity captured ifnar2-EC
were obtained. Immobilization by amine coupling at a
pH below the pI apparently affects the properties of
ifnar2-EC significantly.

By monitoring quenching of tryptophan fluorescence
with a stopped flow system, the association rate con-
stant for the IFNa2–ifnar2-EC complex in solution has
been determined to be 6.0 3 106 M21 s21 under the
same conditions used for solid-phase detection (16).
Thus, the association rate constant determined with
ifnar2-EC immobilized by affinity capturing was in the
same order of magnitude, but still significantly lower.
This phenomenon has often been observed when com-
paring rate constants measured in homogeneous phase

and at interfaces and is explained either by interfacial F
mass transport effects (21, 24) or by electrostatic sur-
face potentials (25). Since the association rate constant
did not vary for different dextran layers, interfacial
mass transport does not seem to play an important
role. However, electrostatic attraction was shown to
contribute considerably to the formation of the IFNa2–
ifnar2-EC-complex (16), suggesting that the second ex-
planation is likely to hold true for this case. Binding
curves for the IFNa2–ifnar2-EC interaction indicate
significant limitation by diffusion rates (Fig. 8A),
which is due to the very fast association rate constant.
For the IFNa2 mutant R144A, a substantially lower
association rate constant of 3.5 3 105 M21 s21 was
determined. Here, no mass transport limitation was
observed (Fig. 8B). In agreement with the diffusion
parameters discussed above, the limit for association
rate constants, which can be determined with this sys-
tem, is around 2–4 3 106 M21 s21.

Dissociation Constants KD of Low-Affinity Mutants

For mutants with more than a 50-fold decreased
affinity, the binding kinetics could not be resolved with
this system (k d . 0.3 s21). The affinities of these mu-
ants were determined from the concentration depen-
ence of the equilibrium binding response as shown in

FIG. 7. Fitting of the dissociation kinetics by a single exponential
decay. (A) Dissociation of IFNa2 F27A from covalently immobilized
wt ifnar2-EC. (B) Dissociation of IFNa2 L153A from wild-type if-
nar2-EC immobilized by capturing and crosslinking. (C) Dissociation
of IFNa2 wt from ifnar2-EC E79A immobilized by capturing and
crosslinking.
ig. 9A by fitting Eq. [2]. These dissociation constants
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KD were in good agreement with the KD determined
from the rate constants according to Eq. [1] for all
mutants, for which the rate constants could be re-
solved, independent of the immobilization technique
(cf. Table 4).

TAB

Rate Constants and Affinities for Some IFN

IFNa2
mutant

Ifnar2-EC
mutant

k a

(106 M21 s21)
k d

(s21)

wt wte 3.0 0.012
wt wtf 2.0 0.020
wt E79Ae 2.6 0.31
wt M48Ae — —
L26A wte 3.0 0.051
F27A wtf 1.9 0.046
R33A wte — —
R144A wte 0.35 0.048
R149A wte — —
R149A M48Ae — —
L153A wte 3.2 0.10

Note. Ifnar2-EC was immobilized via antibodies if not stated othe
a Determined from the rate constants according to Eq. [1].
b Determined from the equilibrium response according to Eq. [2].
c Determined from the dissociation rate constant k d according to E
d Determined from the dissociation constant KD according to Eq. [
e Ifnar2-EC captured to the surface by immobilized mAbs.
f Ifnar2-EC directly immobilized to the surface by amide coupling

FIG. 8. BIA of two different IFNa2 mutants with comparable dis-
ociation rate constants (cf. Table 4) binding to immobilized wild-
ype ifnar2-EC. (A) Binding curves for the mutant L26A at concen-
rations of 5, 20, 50, 200, and 1000 nM. Mass transport limitations
re obvious from the abrupt decrease of the slope when changing the
ow rate after the fast injection as indicated by the arrow. An
ssociation rate constant of k a 5 3 3 106 M21 s21 like for wild-type
FNa2 was determined. (B) Binding of the IFNa2 mutant R144A at

concentrations of 10, 30, 100, 300, and 1000 nM. No mass transport

limitation is observed, with an association rate constant of k a 5 3.5 3
05 M21 s21.
For the determination of the KD from the equilibrium
coverage, the maximum binding signal (Rmax) is a pa-
rameter of critical importance, as it defines the relative
occupancy of the binding sites (Req/Rmax). In cases of
mutants with very low affinities, Rmax was not reached
with concentrations up to 50 mM. For these mutants,
the Rmax determined from a fit of a higher-affinity mu-
tant was used, as demonstrated in Fig. 9B for the
mutant IFNa2 R33A binding to wild-type ifnar2-EC.
Using the Rmax determined for the IFNa2 mutant
L153A, the KD was determined to be 31 mM.

Because of the fast, transient interaction at very low
affinity binding (k d . 0.5 s21), background signals can-
not be discriminated from the binding signal and thus
can critically affect the result. Therefore, we investi-
gated the reliability and the limits of the system by
analyzing the interaction between a low-affinity mu-
tant of ifnar2-EC (M48A, KD 5 3.4 mM) and the low-
affinity mutants R33A and R149A of IFNa2. For R33A,
no binding was detected at 50 mM concentration (i.e., 1
mg/ml protein), indicating that the affinity between
these two mutants is too low to promote significant
complex formation at this concentration. The absence
of any signal impressively proves that neither back-
ground signal nor nonspecific binding interferes with
the binding signal even at this extremely high protein
concentration. With SPR detection, a background sig-
nal around the maximum binding Rmax is expected for
this protein concentration (188 RU for 1 mg/ml pro-
tein). For the mutant R149A, a response of 40 pm was
observed on immobilized M48A (Fig. 9B), correspond-
ing to a dissociation constant of 200 mM. Since signals

4

Mutants Binding to Immobilized Ifnar2-EC

KD
a

(nM)
KD

b

(nM)
DDGkd

‡ c

(kJ/mol)
DDGKD

0 d

(kJ/mol)

4 3 — —
10 10 — —

119 152 8.0 9.9
— 3,100 — 17.1
17 31 3.5 4.6
24 n.d. 1.9 —
— 27,900 — 22.4

136 117 3.3 9.3
— 470 — 12.6
— 198,000 — —
31 44 5.2 6.9

se.

[5].
LE

a2

rwi

q.
4].
down to 20 pm can be clearly detected and quantified,
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minimum affinities of ;500 mM could be detected.
Thus, changes over 5 orders of magnitude compared to
the wild-type affinity of 3 nM were quantified. By using
protein concentrations higher than 50 mM, even lower
affinity should be detectable, but this was not investi-
gated.

Comparison of DDG upon Mutation

Important for mutational analysis of protein–protein
nteractions is the possibility for a precise mapping of
elative changes in kinetic or thermodynamic parame-
ers. Since different absolute values were obtained

FIG. 9. Affinity analysis of mutants with very low affinities (KD .
10 mM). (A) Binding of IFNa2 R33A in different concentrations (0.3,
1, 3, 10, and 30 mM) on wt ifnar2-EC (—) and maximum loading
determined with 3 mM IFNa2 L153A (zzz). (B) Secondary plot com-
paring the concentrations dependence of the equilibrium binding
signals for IFNa2 L153A (}) and R33A (E), and the Langmuir fit to
the data points (zzz). (C) Binding of 50 mM IFNa2 R33A (zzz), 50 mM
IFNa2 R149A (- - -), and 30 mM wild-type IFNa2 (—) on ifnar2-EC
M48A.
hen using different immobilization techniques, we
i
b

compared the changes in free energy upon mutation
(both DDGKD

0 and DDGkd

‡ ) obtained for the different im-
mobilization methods. In Fig. 10A, this comparison is
shown for covalently immobilized ifnar2-EC and for
antibody-immobilized ifnar2-EC (wild type in both cas-
es). Linear correlation was observed for both IFNa2
and ifnar2-EC mutants, with a slope of 1.1 6 0.04 (r 5
0.996) and 1.00 6 0.04 (r 5 0.994), respectively.
These results corroborate that relative changes in ki-
netics and affinity are independent of the immobiliza-
tion method and can be precisely quantified by solid-
phase detection.

DISCUSSION

BIA based on label-free solid-phase detection is a
powerful approach for characterizing kinetics and ther-
modynamics of protein–protein interaction and is, for
its versatility, particularly useful in mutational anal-
ysis. Additional to the detection system and suitable
sample handling, surface modification and protein im-
mobilization are the main challenges for establishing
systems useful for BIA. Here, we have employed a
transducer based on directional reflection to set up a
system capable of automated flowthrough BIA and es-
tablished efficient methods to specifically monitor pro-
tein–protein interactions. In contrast to evanescent
field techniques, which probe a given region adjacent to
the surface, this transducer selectively interrogates
the layer involved in the interaction. Background sig-
nals and temperature-dependent fluctuations are
therefore tremendously lower, allowing for a very sim-
ple and rugged setup without temperature stabiliza-
tion or reference channels. However, the detection
limit of 5–10 pg/mm2 is approximately 1 order of mag-

FIG. 10. Comparison of the change in free energy of comlex forma-
tion (DDGKD

0 and DDGkd
‡ ) for various mutations on IFNa2 (E) and
fnar2-EC (}), obtained by covalent immobilization of ifnar2-EC and
y capturing and crosslinking with anti-ifnar2-EC mAbs.
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nitude higher than for the highly optimized BIA-
core2000 system (;1 pg/mm2).

We established methods for surface modification
suitable for the silica surface of this interferometric
transducer and for functional protein immobilization.
Carboxy-methylated dextran layers on gold surfaces
covered with hydroxy-terminated self-assembled
monolayers have been very successfully applied for
protein immobilization (22). Chemical modification of
glass-type surfaces, however, requires different ap-
proach from the modification of gold surfaces for two
reasons: First, protection of the surface with hydroxy-
terminated self-assembled monolayers is not readily
achieved as it is on gold. Thus, an alternative strategy
for shielding surface against nonspecific binding was
required. Second, silica chemistry quickly decomposes
in alkaline environment, and therefore acidic to neu-
tral reaction conditions are required. Direct coupling of
dextran to surfaces activated with epoxy-functional
silanes under neutral conditions is difficult to control
and yields low dextran loadings (26, 27) (and unpub-
lished results). For more efficient coupling, we used
dextrans functionalized with amine groups. Coupling
of these AMD by amide chemistry was very efficient,
but critical because of considerable nonspecific binding
to the aminosilane used for surface activation (19, 28).
Recently, we showed a significant decrease in nonspe-
cific binding by using GOPTS for silanization, which
was even more improved by coupling a thin, dense
layer of bifunctional PEG (18). We used these strate-
gies for preparing dextran layers with different poly-
mer loadings and protein-binding capacities, which all
showed very low nonspecific binding and allowed ver-
satile application for the immobilization of different
proteins. Interestingly, background effects severely in-
creased with increasing amount and extension of the
polymer being immobilized. This important fact must
be taken into account for the design of optimum surface
chemistry. A principal advantage of this surface chem-
istry is that the transducers can be reused after selec-
tively removing the attached layers by treatment with
NaOH and piranha solution, thus tremendously reduc-
ing operation costs.

We investigated the potential of this biosensor sys-
tem for structure–function analysis of a cytokine–re-
ceptor interaction by site-directed mutagenesis. The
binding of IFNa2 to the extracellular domain of its
receptor ifnar2 immobilized on the transducer surface
was monitored in real time. Comparing different meth-
ods of immobilization of ifnar2-EC revealed significant
differences in kinetics and affinity of IFNa2 binding.
Direct covalent coupling of the protein most strongly
affected the interaction properties. Compared to immo-
bilization by affinity capturing, the affinity was de-
creased both by a decrease in the association rate con-

stant and by an increase in the dissociation rate
constant. Furthermore, heterogeneous affinity of the
immobilized ifnar2-EC was observed. This effect was
attributed to heterogeneous association rate constant,
while the dissociation rate constant appeared homoge-
neous for the total amplitude. Very similar results
have been obtained by using a BIAcore 2000 system for
these investigations (16). These effects were not ob-
served for biotinylated ifnar2-EC captured by immobi-
lized streptavidin, where also amines moieties of the
proteins were randomly used for attachment. Hence,
the critical factor lies in the coupling conditions, which
requires a pH below the pI of the rather acidic proteins
to achieve electrostatic preconcentration. While the
protein was not damaged at this pH in solution (data
not shown), covalent coupling under these conditions
affects its function. Though relative parameters such
as DDG upon mutation were in good agreement with
other immobilization techniques, the direct covalent
attachment was not reliable for the characterization of
mutants with low affinity.

For reversible immobilization, we devised a new
strategy for antibody-based affinity capturing. Cross-
linking ifnar2-EC captured with an immobilized high-
affinity mAb with a second, noncompetitive mAb
proved to effectively reduce leaking out, while the pos-
sibility to nondestructively remove the immobilized
protein was maintained. Thus, stable, but reversible
attachment of ifnar2-EC was achieved, allowing for
analysis of many different ifnar2-EC mutants on the
same surface, including mutants with lower stability
than the wild-type protein. The principal concept of
avidity-based stabilization of affinity-captured pro-
teins presented here provides a promising generic ap-
proach for reversible affinity capturing.

Quantitative mutational analysis particularly re-
quires a wide dynamic range of affinities to be measur-
able, because single mutations can destabilize protein–
protein complexes by several orders of magnitude (1,
2). Biomolecular interaction analysis with numerous
mutants of IFNa2 and ifnar2-EC located in the inter-
face of the complex allowed for a thorough analysis of
the limits of the system with respect to resolution of
rate constants and lowest affinities to be quantified.
Determination of rate constants is limited by parame-
ters related to the sample handling. The maximum
dissociation rate constant is determined by the time
needed to remove the sample from the flow cavity.
Here, we determined a limit of ;0.3 s21 given by a time
constant of ;1 s21 for rinsing the cell, which is in the
range what has been achieved by microfluidics (29).
For one IFNa2 mutant, a dissociation rate constant of
0.3 s21 was determined with a standard deviation of
approximately 20%, proving the practical significance
of these values. Maximum association rate constants
are typically limited by mass transport to the surface.

We found significant influence of mass transport for an
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association rate constant of 3.0 3 106M21 s21, which
was not observed for an approximately ninefold lower
association rate constant of 3.5 3 105 M21 s21. Thus, a
typical limit of 1–5 3 106 M21 s21 for the determination
of association rate constants with this system is esti-
mated. Particular impressive results were obtained for
the determination of affinity constants from equilibri-
um-binding signals. This method tremendously prof-
ited from the advantages of RIfS detection and the
advanced surface chemistry: up to protein concentra-
tion of 50 mM IFNa2, neither nonspecific binding nor
background signals interfered with detection, allowing
quantification of affinities of protein interactions up to
200 mM and probably even higher. Thus, affinities over
5 orders of magnitude were assessed, which proved to
be extremely valuable for double mutant cycle analysis
of protein–protein interaction.

The simple and rugged experimental setup, the ver-
satile surface chemistry, and the suitability for low-
affinity interaction analysis makes RIfS technology an
attractive tool for functional characterization of bind-
ing interfaces by mutational analysis. Its performance
in terms of detection limits and time resolution is
clearly competitive with established systems, while it
provides major advantages due to high stability, low
background, and, not least, low costs. The major poten-
tial for improvement of the system lies in a miniatur-
ization of the sample handling, by which sample con-
sumption could be effectively reduced, and the stability
and mass transport rates could be increased.
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