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Half-maximal inhibitory concentration (ICsg) is the most widely used and informative measure of a
drug's efficacy. It indicates how much drug is needed to inhibit a biological process by half, thus
providing a measure of potency of an antagonist drug in pharmacological research. Most approaches to
determine ICsp of a pharmacological compound are based on assays that utilize whole cell systems.
While they generally provide outstanding potency information, results can depend on the experimental
cell line used and may not differentiate a compound's ability to inhibit specific interactions. Here we
show using the secreted Transforming Growth Factor-f (TGF-) family ligand BMP-4 and its receptors as

E?r/t‘:/:rﬁs' example that surface plasmon resonance can be used to accurately determine ICsq values of individual
BMP-4 ligand-receptor pairings. The molecular resolution achievable wih this approach can help distinguish
Surface plasmon resonance inhibitors that specifically target individual complexes, or that can inhibit multiple functional in-
SPR teractions at the same time.

TGF-B © 2016 Elsevier Inc. All rights reserved.
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Introduction therapeutic potential of a monoclonal antibody, ligand trap or other

Cytokines and growth factors play fundamental roles in animal
cell physiology and human disease [1,2]. They help regulate cell
differentiation, proliferation, migration, plasticity, and survival, but
their dysregulation can lead to inflammation, fibrosis, cancers, and
other devastating diseases [3,4]. Thus, they have elicited much
medical interest and a number of therapeutics that target these
secreted proteins have been approved for clinical use [5,6]. The two
most common classes of therapeutics used to target cytokines and
growth factors are monoclonal antibodies [7] and chimeric
receptor-Fc fusion proteins, a.k.a. ligand traps [8]. Both aim to
inhibit biological activity by blocking functional interactions with
receptors and other binding partners [9].

Possibly the most relevant in vitro measure used to evaluate the
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pharmacologic agent is half-maximal inhibitory concentration,
a.k.a. ICs9 [10—12]. It indicates how much of a specific pharmaco-
logic agent is required to inhibit a given biological activity by half.
Methods used to obtain ICsy values generally rely on whole cell
systems. They provide essential potency information and are
especially useful when evaluating therapeutics that target path-
ways with few components. However, they can be deficient when
evaluating inhibitors of cytokines or growth factors, such as
members of the TGF-B, Wnt, FGF, EGF, and interleukin families that
have pleiotropic activities and that can interact with many different
components. Members of these families can engage multiple re-
ceptors for signaling, are also regulated by ‘co-receptors’, which
potentiate or suppress biological activity, and even act as regulators
of other family members by competing for receptor binding
[13—16]. Thus, it is suggested their function is ‘context dependent’
[17—20]. In these cases, IC5g values can depend on experimental cell
line used and may not inform well on the efficacy of blocking a
specific interaction.

To obtain ICsp values of individual cytokine/growth fac-
tor—inhibitor interactions, we implemented an interaction specific
surface plasmon resonance (SPR) approach, and we turned to the
TGF-B family ligand BMP-4 as model cytokine/growth factor, plus
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the embryonic Nodal/BMP antagonist Cerberus as model inhibitor.
Like all members of the TGF- family, BMP-4 signals by forming a
complex with two ‘type I' and two ‘type II' TGF- receptors, namely
the type I receptor ALK3 and the type Il receptors ActRIIA or BMPRII
[21]. Cerberus is a secreted protein that binds and inhibits several
TGF-B family ligands with mid picomolar to low nanomolar affin-
ities, including Activin B, Nodal, BMP-6 and BMP-7 [22,23].

Here, we show BMP-4 is a new high affinity Cerberus ligand.
Using SPR, we demonstrate Cerberus inhibits BMP-4 binding to its
type I and type Il receptors in a concentration dependent manner,
as increasing Cerberus concentrations reduce the BMP-4 depen-
dent SPR signal. Importantly, the Cerberus dependent reduction in
the SPR response can be used at any point of the association and
dissociation phase to calculate ICsq using standard software such as
GraphPad Prism. Similarly, ICsg can be calculated from kinetic pa-
rameters obtained by fitting individual concentration curves. We
discuss merits of the two different approaches for ICs5y determi-
nation. In addition, we obtained ICsq using a whole cell system. We
discuss differences between the SPR and cell-based approaches in
light of the complex composition of the cell surface and the various
interactions of BMP-4. Notably, the molecular resolution achievable
with the SPR format can help map inhibitor binding sites and thus
help guide design of novel agents that selectively block formation
of specific biological complexes.

Materials and methods
Proteins expression and purification

Recombinant human BMP-4 (Q53XC5) was obtained from R&D
Biosystems (RnD, carrier free). Synthetic genes consisting of human
Cerberus (095813), ActRIIA (P27037), and ALK3 (P36894) fused to
human IgG1-Fc via a linker containing a Tobacco Etch Virus (TEV)
protease site were obtained from GeneArt. Two point mutations
(R82G and C206A) were introduced in Cerberus by PCR (Cer—Fc)
[22]. Human BMPRII (Q13873) was cloned from cDNA and fused to
human IgG1-Fc by PCR. NCBI-protein accession numbers are shown
in parenthesis. Fc-fusion proteins were expressed using suspension
adapted Chinese Hamster Ovary (CHO) cells and purified from
condition medium using Protein A capture followed by size exclu-
sion chromatography (SEC). The Fc portion of Cerberus (C206A) was
removed with TEV protease, followed by two steps of protein A
capture, and SEC. All purified proteins were dialyzed into
phosphate-buffered saline, pH 7.5 and stored at —20 °C or —80 °C.
The purity of the proteins was checked with SDS-PAGE under
reducing and non-reducing conditions.

Surface plasmon resonance

Experiments were performed on a Biacore 2000 at 25 °C using
HBS-EPS/BSA as running buffer (0.01 M HEPES, 0.5 M NacCl, 3 mM
EDTA, 0.005% (v/v) Tween 20, 0.1% BSA, pH 7.4). A high flow rate
(50 pl/min) and low surface loading were used to minimize mass
transport artifacts. Anti-human IgG (Fc) was immobilized onto four
channels of a CM5 chip using amine-coupling chemistry. The cross-
linked antibody on the experimental flow channels was used to
capture receptor-Fc-fusion proteins (approximately 200—300 RU
were loaded on each channel). For binding assays, different con-
centrations of BMP-4 were injected over experimental and control
flow channels loaded with Cer—Fc, ActRIIA—Fc, BMPRII-Fc or ALK3-
Fc. As binding curves appear to be bi-phasic [24], data were fitted to
a 1:1 Langmuir interaction model with mass transport limitation
and to a heterogeneous ligand-binding model using BiaEvaluation
software. Both models gave similar kinetic rates for ActRIIA—Fc,
BMPRII-Fc and Cerberus-Fc, but not for ALK3 (Table 1). Notably, bi-

Table 1
BMP-4? binding constants.
Chip: Model Kk, ka Ky Chi?
Cerberus 1:1™  (1.10 + 0.12)x 10° (3.01 +0.04)x10°* 273  0.292
1:1" (8.25+092)x10* (1.85+0.06)x107* 224 0276
ActRIIA  1:1™  (1.18 £0.11)x 10° (3.37+041)x10* 285 0.398
1:1" (1.04+028)x10° (3.39+038)x10* 326 0.862
BMPRII  1:1™  (7.63+14)x10* (562+024)x10* 736 0.164
11" (3.79+0.69)x 10* (3.08 +0.56)x10°* 813  0.113
ALK3 1:1™ (7.78 +1.8)x 10* (150 £0.74)x 10> 0.193 0.177

Units are: kg (M~ s71), kg (s™1), K4 (nM), Chi? (RU?).
ms: mass transport limited model.
hl: heterogeneous ligand binding model.

@ Carrier free BMP-4 from RnD Systems.

phasic behavior can be fitted equally well by different models,
indicating it is nearly impossible to identify the source of the
complex behavior using kinetic data [24]. But the 1:1 Langmuir
interaction model with mass transport limitation was selected
because it gave the best fit as determined by Chi? (<1). Equilibrium
dissociation constants (K;) were determined by calculating the
ratio of binding and dissociation rate constants. Results are sum-
marized in Table 1. For inhibition analysis, ActRIIA—Fc, BMPRII-Fc,
ALK3-Fc, or Cerberus-Fc were captured on the sensor chip. Be-
tween 150 and 200 RUs ActRIIA—Fc, BMPRII-Fc, ALK3-Fc, or
Cerberus-Fc were captured to minimize steric hindrance and mass
transport artifacts. 60 nM BMP-4 preincubated with different
concentrations of Fc-free Cerberus was injected over experimental
and control flow channels. IC5q values for SPR inhibition data were
determined using GraphPad. Results are summarized in Table 2.
After each binding cycle, the antibody surface was regenerated to
base line with MgCl,. The reference channel was monitored to ac-
count for nonspecific binding, drift, and bulk shifts. Sensorgrams
were analyzed by double referencing. Concentration dependent
association rate constants (kg, M~! s~1) of single curves were ob-
tained by individual fitting using BiaEvaluation software. Local
observed rate constants (kops S—') values were calculated as
kq*Conc + kg using BiaEvaluation software.

Reporter assays

HepG2 cells (HB-8065) were obtained from ATCC (American
Type Culture Collection). Cells were maintained according to ATCC
culture conditions. Briefly, freshly thawed cells were passaged at
least three times before performing assays. ~10,000 HepG2 cells/
well in complete medium (Eagle's Minimum Essential Medium
supplemented with 10% FBS and 1% P/S) were seeded in a 96-well
plate and grown overnight. Each well was transfected with 0.25 pl
lipofectamine 2000, 200 ng of the SMAD1/5/8 responsive reporter
plasmid pGL3 [luc2P/BRE] pGL3.48 and 2 ng of the [Luc2P/hRluc/
TK] vector (control luciferase reporter plasmid, Promega, E6921).
Transfection medium was removed the following day, and replaced
with assay medium containing BMP-4 (1 nM) + Cer—Fc
(0—600 nM). After adding assay medium, cells were incubated for
16 h and luciferase activity was detected with a homemade dual-
glow luciferase assay [25] using a FluoStar Omega plate reader.

Table 2

ICs values.
Interaction: 1Csp (150 s) ICs0(300s) ICso(7505s) ICso (kq) 1Cs0 (Kobs)
Cerberus 56.7 + 3.3 576 £33 466 +30 99.7+21 99.7 +21
ActRIIA 266 + 44 305 + 61 239+ 71 56.0 + 24 58.0 + 25
BMPRII 166 + 28 153 + 26 132+ 20 138 +62 153 +73
ALK3 289 + 81 303 + 83 245 + 71 134 +54 132 +53
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Relative luciferase units (RLU) were calculated by dividing firefly
luciferase units (fLU) with renilla luciferase units (rLU). IC5¢ values
were calculated using GraphPad.

Statistical analysis

Reporter gene assays were repeated at least two times and
performed in quadruplicates. One-way analysis of variance
(ANOVA) and Dunnett's post hoc test as implemented in GraphPad
Prism 6 was used to calculate statistical significance using all
experimental values. Data are expressed as mean of four biological
replicates + standard error S/E.

Results and discussion
Establishing the BMP-4 — receptor interaction network

Cerberus is a secreted protein that binds and antagonizes
several TGF-$ family ligands during embryonic development. To
evaluate the inhibitory efficacy of Cerberus, we turned to the newly
discovered Cerberus target ligand BMP-4. We first characterized
BMP-4 interactions with Cerberus and with its receptors. Briefly,
we captured Cerberus-Fc, or the TGF-$ family receptor-Fc fusion
proteins ALK3-Fc, ActRIIA—Fc, and BMPRII-Fc on a Biacore sensor
chip and injected a concentration series of BMP-4 (Fig. 1, Table 1).
BMP-4 bound both Cerberus-Fc and the type I receptor-Fc fusion
protein ALK3-Fc with high affinity (Ky = 2.7 nM and 0.2 nM,
respectively) (Fig. 1A and B). BMP-4 binding to the type II receptor-
Fc fusion protein ActRIIA—Fc was strong, but binding to BMPRII-Fc
was slightly weaker (K; = 2.8 nM, and 7.4 nM, respectively) (Fig. 1C
and D). Together, these findings show BMP-4 binds Cerberus, the
type I receptor ALK3 and the type II receptors ActRIIA and BMPRII
with mid picomolar to low nanomolar affinity.

Obtaining SPR based inhibition data

To obtain Cerberus ICsqg values for individual BMP-4 — receptor
interactions, we established an SPR based approach (see Fig. 2 for

experimental design). We captured ActRIIA—Fc, BMPRII-Fc or ALK3-
Fc on the sensor chip and injected BMP-4 (60 nM) preincubated
with different concentrations of Fc free Cerberus (0 nM—4800 nM)
over the captured receptors (Figs. 3 and 4). In this format, Cerberus
must be free of Fc to avoid Fc capture by the anti-human Fc anti-
body that is cross-linked on sensor chip. We hypothesized that the
BMP-4 dependent SPR signal will decrease with increasing
Cerberus concentrations, if Cerberus inhibits that particular BMP-4
— receptor interaction (Figs. 3 and 4). We tested both type I and
type II receptors, as each receptor type interacts with a unique
BMP-4 epitope [13,26,27], offering two independent experimental
examples. Cerberus prevented BMP-4 binding to ActRIIA—Fc,
BMPRII-Fc, and ALK3-Fc, as seen in the concentration dependent
reduction of the SPR signal (Fig. 3A—C). Cerberus alone did not bind
receptors or the sensor chip.

Calculating half-maximal inhibitory concentration from SPR data

To quantitate SPR inhibition data and obtain inhibitory potency
information, we evaluated different approaches that allowed us to
calculate ICsq values. First, we evaluated simple response unit (RU)
data taken at different time points of the SPR reaction (Fig. 3D and
E). We used the blank-injection adjusted RU values for each
Cerberus concentration at a specified time point (Fig. 3A, D and E).
To obtain half maximal inhibitory concentration values (ICsg), we
fitted BMP-4 binding dependent RU values as function of Cerberus
concentration using the non-linear regression algorithm for log
(concentration) versus normalized response implemented in
GraphPad (Table 2). We found ICsq values determined at different
time points of the SPR reaction were similar (Fig. 3D, Table 2). With
respect to experimental time point selected for the calculations,
ICs0 values were consistently lower at 750 s (middle of the disso-
ciation phase). IC5g values were consistently higher when using RU
data at 150 s (middle of the association phase) and at 300 s (end of
the association phase). But at 300 s, IC5g values showed the overall
greatest trend variability. We speculate data taken in the middle of
the association or dissociation phases are more consistent than data
taken at the junction between association and dissociation phases
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Fig. 1. BMP-4 binding to Cerberus and receptors. (A) BMP-4 — Cer—Fc interaction. Cer—Fc was captured on the sensor chip and different concentrations of BMP-4 as shown were
injected. (B) BMP-4 — ALK3-Fc interaction. ALK3-Fc was captured on the sensor chip and different concentrations of BMP-4 as shown were injected. (C) BMP-4 —ActRIIA-Fc
interaction. ActRIIA—Fc was captured on the sensor chip and different concentrations of BMP-4 as shown were injected. (D) BMP-4 —BMPRII-Fc interaction. BMPRII-Fc was captured
on the sensor chip and different concentrations of BMP-4 as shown were injected. (A-D) Colors of injection curves are matches with corresponding concentrations. Fitted curves
(black lines) are superimposed over all experimental curves. Calculated binding rate constants and equilibrium dissociation rate constants are shown in Table 1.
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Fig. 2. Experimental design. (A) In a typical SPR binding experiment (left panel), the ‘analyte’ (BMP-4, shown as a blue triangle) is injected at increasing concentrations over the
captured ‘ligand’ (ActRIIA—Fc, BMPRII-Fc, ALK3-Fc, Cerberus-Fc, etc., shown as a Y shape). When analyte binds to ligand, the SPR response increases with increasing analyte
concentration until the surface is saturated by the analyte (see Fig. 1). The binding-curve conforms to a Langmuir adsorption isotherm (right panel). (B) In the equilibrium
displacement or competitive inhibitor format (left panel), the analyte concentration is fixed at a level that results in ~80% saturation. The injected sample is preincubated with
increasing concentrations of ‘inhibitor’ (Fc free Cerberus, shown as brown shape). The analyte mediated SPR response decreases with increasing inhibitor concentration. The
resulting inhibition curve follows an inversion of the Langmuir adsorption isotherm (right panel). (C) If the putative inhibitor forms a complex with the analyte that can bind the
captured ligand (left panel), the starting SPR response corresponds to the free analyte response. The SPR response increases with increasing concentration of the co-binder (shown
as green square) until all analyte is captured in a complex. This binding-curve also conforms to a Langmuir adsorption isotherm (right panel). (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

(Fig. 3A—C), as signal noise increases during the sample to buffer
transition. Regardless, all IC5qg values fell within the calculated 95%
confidence interval for each of the three time points (Fig. 3D and E),
indicating that, in good approximation, SPR RU data can be taken
directly at any time point of the SPR reaction to obtain robust in-
formation on specific inhibitory potency of a compound. Notably,
reproducibility is extremely high once the SPR experiment is
properly set up. Errors between measurements are consistently less
than 5% (Fig. 3D).

In addition to the RU based approach, we also examined a
mathematical approach of ICs9 determination. Namely, we ob-
tained ICsg values based on the apparent association rate constant
(ke, M~ s71) (Fig. 3F and G) and the observed rate constant
(kobs, s~ 1) (Fig. 3H) for each Cerberus concentration. Rate constants
were calculated individually for each Cerberus concentrations us-
ing biaevaluation. Concentration dependent k, and kops values were
fitted using the non-linear regression algorithm implemented in
GraphPad. We found both rate constants and fitted curves showed
the expected, dose dependent decrease and sigmoidal shape that is
characteristic of a competitive inhibitor (Fig. 3G and H). As ex-
pected, IC5q values were highly comparable between the k, and kops
determinations given their linear relationship (Table 2). But we
found differences when comparing k, and kops with the simpler RU
analysis. ICsg values for ALK3 and ActRIIA were, respectively, 2-fold
and 4- to 6-fold lower for IC5¢ determined using kg or kops, Whereas
IC59 values for BMPRII were similar. Fitting errors for ICsg values
obtained from kinetic rate constants were significantly larger than
fitting errors obtained using RU values (Fig. 3D and F, Table 2),
indicating ICsq values obtained from Kkinetic rate constants are less

precise. The decreased precision likely results from estimating k,
and kops values by individual fitting of single concentration curves.

In summary, our data demonstrate Cerberus blocks binding of
BMP-4 to the type I receptor ALK3 and the type II receptors ActRIIA
and BMPRII with high potency. We describe several approaches for
calculating ICsq values for individual BMP-4 receptor interactions.
The different approaches are consistent with each other. Impor-
tantly, IC59 determination using SPR can be broadly used as
demonstrated by analysis of Activin B inhibition with Cerberus
(Fig. 31) [22,23].

Evaluating RU- and rate constant-based ICsg values

As different SPR based approaches can be used to obtain ICsg
values, we asked which approach delivers the most meaningful
result. To answer this question we turned to Cerberus inhibition of
BMP-4 — Cerberus-Fc binding. Given Cerberus and Cerberus-Fc
have nearly identical affinities for BMP-4 (i.e. K; = Ky), we hy-
pothesized that the most accurate SPR-based approach should
produce an ICsg value that is similar to the Ky value from the
Cerberus-Fc — BMP-4 binding experiment at the given BMP-4 [S]
concentration (i.e., based on the Cheng-Prusoff equation, if
ICs5p = Ki(1 + [S]/Ky) and K; = Ky, then IC59 = K4 + [S]) [12]. To test
this hypothesis, we obtained equilibrium binding constants for
Cerberus-Fc — BMP-4 (Fig. 4A), we generated ICsg values for inhi-
bition of BMP-4 — Cerberus-Fc binding by Cerberus using both RU
and rate constant based approaches (Fig. 4B and C), and we
compared experimental with calculated ICsqg values (Tables 1 and
2). The theoretical ICs9 value for the Cerberus — BMP-4 —
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Fig. 3. Inhibition of BMP-4 — receptor binding with Cerberus. (A) ActRIIA—Fc was captured on the sensor chip. (B) BMPRII-Fc was captured on the sensor chip. (C) ALK3-Fc was
captured on the sensor chip. (A-C) In the three experiments, 60 nM BMP-4 was preincubated with 0 nM (blue), 9.375 nM (red), 18.75 nM (magenta), 37.5 nM (green), 75.0 nM
(maroon), 150.0 nM (dark blue), 300.0 nM (purple), 600.0 nM (bright green), 1200.0 nM (teal), 2400.0 nM (cyan), and 4800.0 nM (grey) Fc free Cerberus. Cerberus — BMP-4 mixtures
were injected over the sensor chip. (D) Analysis of SPR RU ActRIIA—Fc data (2A). Background subtracted raw RU values were taken for each Cerberus concentration at 150 s (blue),
300 s (purple) and 750 s (cyan) following injection of BMP-4 mixtures. RU values for each concentration group were normalized and fitted using the non-linear regression algorithm
implemented in GraphPad. Standard errors (SEs) are shown. (E) Analysis of SPR RU data for ActRIIA—Fc (blue, from 2A), BMPRII-Fc (red, from 2B) and ALK3-Fc (green, from 2C).
Background subtracted RU values were taken for each Cerberus concentration at 750 s of the SPR reaction. RU values for each group were normalized and fitted using non-linear
regression in GraphPad. SEs are similar to those observed for ActRIIA—Fc inhibition in D, but are omitted here for clarity. (F) Analysis of k, data for ActRIIA—Fc (blue, from 2A),
BMPRII-Fc (red, from 2B) and ALK3-Fc (green, from 2C). k, values were obtained by individually fitting each injection curve. k, values were normalized and fitted using non-linear
regression in GraphPad. SEs are shown. (G) Same data as F, but Standard errors are omitted for clarity. (H) Analysis of k,ps data for ActRIIA—Fc (blue, from 2A), BMPRII-Fc (red, from
2B) and ALK3-Fc (green, from 2C). kops vValues were obtained by individually fitting each injection curve. kops values were normalized and fitted using non-linear regression in
GraphPad. SEs are similar to those observed for k, analysis in F, but are omitted here for clarity. (I) Cerberus prevents Activin B binding to type II receptors. SPR Background
subtracted RU values were taken for each Cerberus concentration at 750 s of the SPR reaction for ActRIIA—Fc (blue) and BMPRII-Fc (red). RU values for each group were normalized
and fitted using non-linear regression in GraphPad. Concentrations in panels D-I are shown in logarithmic scale. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

Cerberus reaction is 62.73 nM (|BMP-4] = 60 nM, K for Cerberus —
BMP-4 binding = 2.73 nM) [12]. Experimental IC5¢ values calcu-
lated using RU were 56.7 + 3.3 at 150 s, 57.6 + 3.3 at 300 s, and
46.6 + 3.0 at 750 s. Experimental ICsq values calculated using rate
constants were 99.7 + 21 (for kq) and 99.7 + 21 (for kops). Com-
parison of theoretical and experimental IC5g values indicates the
most accurate experimental ICsg values are obtained using the
simple, RU based approach (Table 2). Moreover, IC59 values ob-
tained using RU data from the association phase match the theo-
retical value more closely. Together with our findings above (Fig. 3D
and E), these experiments indicate RU values from the middle of the
association phase offer the most consistent and accurate results.
Nonetheless, all approaches gave ICsy values that were within
reasonable range of the theoretical IC5g value (less than 2-fold
difference), demonstrating the overall reliability of biosensor-based
IC5¢ determinations.

Comparing SPR based ICs9 with whole cell ICsp

To evaluate ICsp values obtained with SPR in relation to ICsq
values obtained using a whole cell system, we determined the half-
maximal inhibitory concentration of Cerberus for BMP-4 using a
luciferase reporter gene expression assay (Fig. 4D). Briefly, we

transfected HepG2 cells with control plasmid pGL4.74 [hRluc] and
the SMAD1/5/8 responsive reporter plasmid pGL3 [luc2P/BRE].
Transfected HepG2 cells were treated with 1 nM BMP-4 and
different concentrations of Cerberus-Fc. BMP-4 induced luciferase
expression with the SMAD1/5/8 reporter, and Cer—Fc inhibited
BMP-4 signaling in a concentration dependent manner (Fig. 4D).
Using relative luciferase response unit (RLU) and GraphPad, we
obtained an ICsq value of 26 nM for inhibition.

Overall, IC5g values obtained using a whole cell system are in
agreement with, but not identical to ICsg values determined by SPR
(Figs. 3 and 4, Table 2). There are several reasons for the observed
differences, and they relate to the complexity of the BMP-4
signaling pathway. First, the amount of BMP-4 used in the two
experimental formats is different, 60 nM for the SPR experiment
versus 1 nM for the reporter assay. Thus, in this particular SPR setup
a higher concentration of inhibitor is needed. Second, the molar
equivalent of captured receptor on the sensor chip is in all likeli-
hood different from the molar equivalent of receptor found on the
cell surface. Lastly, IC5o determined with SPR is specific to indi-
vidual receptors. By contrast, IC5o determined using a whole cell
system combines the contributions of several receptors and other
co-receptors expressed on the cell surface. Which receptor or co-
receptor is dominant depends on expression levels, and on the
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Fig. 4. Inhibition of BMP-4 — Cerberus binding with Cerberus. (A) Cerberus prevents BMP-4 — Cerberus-Fc binding. Cer—Fc was captured on the sensor chip and 60 nM BMP-4
preincubated with 0 nM (blue), 4.6875 nM (red), 9.375 nM (magenta), 18.75 nM (green), 37.5 nM (maroon), 75.0 nM (dark blue), 150.0 nM (purple), 300.0 nM (bright green),
600.0 nM (teal), 1200.0 nM (cyan), and 2400.0 nM (grey), Fc free Cerberus was injected over the sensor chip. (B) Background subtracted raw RU values were taken for each Cerberus
concentration at 150 s (blue), 300 s (purple) and 750 s (cyan). RU values for each group were normalized and fitted using non-linear regression in GraphPad. SEs are similar to those
observed for ActRIIA—Fc inhibition in 2D, but are omitted here for clarity. (C) Analysis of k,ps (blue) and k, (red) data for Cerberus-Fc. kops and k, values were obtained by individually
fitting each injection curve. kops and kq values were normalized and fitted using non-linear regression in GraphPad. SEs are similar to those observed for k, analysis in 2F, but are
omitted here for clarity. (D) BMP-4 mediated Smad1/5/8 signaling and inhibition with Cerberus. HepG2 cells were transfected with SMAD1/5/8 responsive reporter and control
plasmids. Cells were treated with 1.0 nM BMP-4, and Cer—Fc at the following concentrations: 0.0 nM, 0.03 nM, 0.09 nM, 0.27 nM, 0.82 nM, 2.47 nM, 7.41 nM, 22.2 nM, 66.6 nM,
200 nM, and 600 nM. Concentrations in panels B-D are shown in logarithmic scale. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

exact combination of interacting components expressed by the
experimental cell line selected for the assay. However resolving
these questions is likely not possible for most experimental cell
lines. In spite of these differences, our findings demonstrate 1) ICsq
values for inhibition of specific interactions can be obtained using
SPR, 2) these ICsq values offer inhibitory information that com-
plements inhibition data obtained using whole cell systems, and 3)
inhibitory mechanisms and specific potency of inhibitor variants
can be investigated using SPR based inhibition analysis, but not
using cell lines.

Adapting SPR based ICsy determination to other experimental
systems

Here we have demonstrated using the TGF-f3 family ligand BMP-
4, its receptors and the inhibitor Cerberus how to use SPR to
elucidate the mechanism of action of a competitive inhibitor and to
obtain inhibitory potency information using simple RU responses.
Notably, this approach can be used to analyze any system where the
goal is to prevent a particular interaction. The inhibitor can be large,
such as an antibody or a natural polypeptide antagonist, or it can
also be a small molecule. But several criteria must be met for this
system to work. As is typical for SPR, both ‘Ligand’-capture and
surface-regeneration must be highly reproducible. This point
cannot be emphasized enough. More specifically for ICsy determi-
nation, the interaction geometry must be such that the inhibitor
prevents ‘analyte’ binding to the captured ‘ligand’, and thus causes
a reduction in the SPR signal. Importantly, the ‘inhibitor’ must not
interact with the biosensor surface. Any example that meets these
criteria can be analyzed using this approach.

Conclusions

Our findings show SPR can be used to obtain robust and quan-
titative functional data for an inhibitor and potential pharmacologic
agent. The SPR based approach is especially useful when examining
targets with complex biochemistry, such as cytokines or growth
factors that interact with multiple receptors and co-receptors. In a
best approximation response unit (RU) values from an inhibition
reaction can be taken directly to evaluate inhibitory potency. The
association phase likely provides the most accurate ICsg values.
When established, SPR based IC5g determination allows for a sim-
ple and high-throughput comparison of the molecular properties of
variants.
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