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ABSTRACT: Combinatorially selected solid-binding pepti-
des (SBPs) provide a versatile route for synthesizing advanced
materials and devices, especially when they are installed within
structurally or functionally useful protein scaffolds. However,
their promise has not been fully realized because we lack a
predictive understanding of SBP-material interactions. Ther-
modynamic and kinetic binding parameters obtained by fitting
quartz crystal microbalance and surface plasmon resonance
(SPR) data with the Langmuir model whose assumptions are
rarely satisfied provide limited information on underpinning
molecular interactions. Using SPR, we show here that a
technologically useful SBP called Car9 confers proteins to
which is fused a sigmoidal adsorption behavior modulated by
partner identity, quaternary structure, and ionic strength. We develop a two-step cooperative model that accurately captures the
kinetics of silica binding and provides insights into how SBP−SBP interactions, fused scaffold, and solution conditions modulate
adsorption. Because cooperative binding can be converted to Langmuir adhesion by mutagenesis, our approach offers a path to
identify and to better understand and design practically useful SBPs.

■ INTRODUCTION

Whether derived from biomineralizing organisms or identified
by phage or cell surface display, solid-binding peptides (SBPs,
a.k.a. material-binding peptides) provide a rich source of
synthetic or genetically encodable chemistry to control the
structure, composition, and properties of advanced materials
and devices.1−3 Applications are numerous and range from
biomedical engineering4−7 to catalysis8,9 and from energy
materials10−12 to opto-electronics.13,14 However, despite many
success stories and progress in characterization and simulation,
we remain unable to replicate nature’s exquisite degree of
control over inorganic morphogenesis and assembly in part
because our understanding of how SBPs interact with surfaces
remains limited.
Experimental tools to probe the biotic−abiotic interaction

include quartz crystal microbalance (QCM), surface plasmon
resonance (SPR), sum frequency generation, solid-state
nuclear magnetic resonance, and atomic force microscopy
(AFM).15−22 Among these techniques, QCM, SPR, and AFM
can provide kinetic and thermodynamic information but SPR
is particularly attractive because it rapidly and accurately
quantifies binding kinetics by monitoring how the refractive
index changes over time when an analyte binds to a gold
surface coated with a target ligand or material.23,24 While SPR
has been extensively used to characterize the binding of

biomacromolecules to immobilized ligands, lipid bilayers,
polymer films, and other biomaterials,25 it has seldom been
employed to monitor the interaction of SBPs with inorganic
surfaces.21,26−31 Furthermore, these studies have primarily
focused on gold and platinum interfaces and employed 1:1
Langmuir binding or two-state reaction models that do not
consider the complex protein−protein interactions that
modulate surface recognition.32

Car9 is a SBP of amino acid sequence DSARGFKKPGKR
that binds to the hydroxyl-, carbonyl-, and carboxylate-rich
edges of graphitic nanostructures and exhibits a preference for
sp3-hybridized carbon.31 Following its original identification as
a carbon-binding peptide, Car9 has been found to bind to
silica,33 enabling the creation of hybrid architectures,34 and the
affinity purification,33,35 immobilization,36 and microcontact
printing37 of proteins to which it is fused.
While using SPR to quantify the binding of sfGFP−Car9 (a

fusion between superfolder green fluorescent protein38 and the
Car9 SBP) to silica-coated gold chips, we observed an unusual
sigmoidal adsorption behavior. Here, we describe the
construction and validation of a two-step cooperative model
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that captures the silica binding kinetics of sfGFP−Car9 and
other Car9 fusion proteins with high fidelity. We further show
that extracted model parameters deliver insights into the
complex interplay between the surface, SBPs, fused framework,
and ions, which should improve our ability to design solid-
binding proteins for practical applications and predictive
material synthesis.

■ EXPERIMENTAL SECTION
DNA Manipulations and Protein Purification. Plasmid pET-

24a(+)-sfGFP−Car9 was described elsewhere.33 Plasmid pET-
24a(+)-nh-mCherry−Car9, which encodes a mCherry−Car9 fusion
protein with an unmodified N-terminus, was constructed by
polymerase chain reaction (PCR) amplification of this segment
from pET-24a(+)-mCherry−Car933 and ligation into the NdeI and
XhoI sites of pET-24a(+). Plasmid pET-24a(+)-sfGFP−Car9Q4,
which encodes a fusion between sfGFP and Car9Q4
(DSARGFQQPGQQ) with an intervening GGGS linker, was
obtained by inserting a DNA cassette encoding these elements
between the HindIII and XhoI sites of pET-24a(+)-sfGFP−Car9. To
create plasmid pET-24a(+)-GK−Car9 which encodes a fusion
between GK and Car9 with a GGGS linker, a DNA fragment coding
for glucose hexokinase (GK) and flanked by NdeI and HindIII sites,
was PCR-amplified from Geobacillus stearothermophilus DNA and
inserted into the same sites of pET-24a(+)-sfGFP−Car9. All
constructs were verified by DNA sequencing. Proteins were expressed
and purified by silica-affinity chromatography as described,33,35 and
the buffer was exchanged to 20 mM Tris-HCl at pH 7.5 by dialysis.
Concentrations were determined by the bicinchoninic acid assay and
the samples were stored at −20 °C.

SPR Experiments. Silica-coated SPR chips were fabricated in
house using a glass substrate coated with a 2 nm titanium adhesion
layer, a 48 nm evaporated gold film, and a 4 nm silicon film deposited
by plasma-enhanced chemical vapor deposition.31 Chips were cleaned
by ethanol and UV−ozone treatment before use and mounted on the
flow cell of a SPR sensor from the Institute of Photonics and
Electronics (Prague, Czech Republic). All experiments were
conducted at a flow rate of 50 μL min−1 and a constant temperature
of 25 °C with protein concentrations varying between 0.0312 and 1
μmol L−1 in 20 mM Tris-HCl at pH 7.5. Increasing the flow rate to 75
μL min−1 had no impact on the sigmoidicity of sfGFP−Car9
adsorption to silica, confirming kinetic control (Note 1 in Supporting
Information).

Model Parameter Estimation. Initial guesses for ka1, kd1, ka2, kd2,
and u (Table S1 in Supporting Information) were informed by the
physical characteristics of the system and literature values. Rate
constants for the first association reaction are typically on the order of
104 to 105 M−1 s−1 (classic Langmuir isotherm), while subsequent
association and dissociation rate constants are in the 10−3 to 10−4 s−1

range based on the isotherm modeling of SPR data.39 Bounds were
adjusted in a 25% window based on initial guesses.

An objective function subject to governing equations, initial
conditions, and parameter bounds was defined to minimize the
mean square error (MSE) of the SPR response. With the MSE
defined as the sum of the squares of differences between the model
and experimental outputs divided by the total number of experimental
data points, this function is expressed as

∑ [ − ] ≤ ≤
=N

R R p p p pMin
1

( ) s. t.
j

N

j j
1

exp, model,
2 L U

Figure 1. Adsorption kinetics of sfGFP−Car9 (a,b), sfGFP−Car9Q4 (c), and mCherry−Car9 (d) on silica-coated SPR chips. Sensorgrams were
collected using the indicated protein concentrations. A wash phase in which protein-free buffer is flowed over the chip starts at t = 900 s and causes
protein desorption. In panel (b), fitting of the sfGFP−Car9 adsorption phase with a kinetic Langmuir model is denoted with a dashed orange line
while the fit obtained with the two-step cooperative adsorption model is shown with a solid orange line. The SPR shift is plotted on a different scale
and higher protein concentrations are used in panel (c). All solid lines in panels (a,d) were obtained by fitting experimental data to the two-step
cooperative adsorption model. All solid lines in panel (c) were obtained by fitting experimental data to a rate law-based Langmuir model. See text
for details.
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where N is the total number of experimental data points for the
adsorption and desorption phases, Rexp,j is the experimental signal
value for the jth data point, Rmodel,j(p) is the model-predicted value for
the same point, p is the vector of estimating parameters, and pL and pU

are its lower and upper bounds. To account for the large difference in
the magnitude of the rate constants and perform a more accurate
iterative optimization, the reference rate constant of the first
association (ka1) was scaled by 105 while the other rate constants
were expressed as an exponent of 10 (i.e., kd1 = 10−kd1, ka2 = 10−ka2,
and kd2 = 10−kd2). Initial guesses, bounds, and converged parameters
are summarized in Table S1 with values rounded to three decimal
places. Simulations and optimizations were carried out on a
workstation with dual 8-core, 3.10 GHz Intel Xeon processors, and
32.0 GB RAM using the NLPsolve (optimization method: nonlinear
simplex, and evaluation limit: maximum) in the optimization package
of the Maple software.

■ RESULTS AND DISCUSSION

Car9 SBP Confers Proteins to Which It Is Fused
Distinct Sigmoidal Adsorption Kinetics on Silica. Silica
(SiO2) surfaces are terminated with siloxanes (O−Si−O) and
silanol (Si−OH) groups which can be found as isolated
silanols (Si−OH), geminal silanols (Si(OH)2), or vicinal
silanols (two H-bonded silanol groups) at distributions and
with concentrations that are modulated by the synthesis
method and surface ionization state.40 Proteins that bind to
silica in a nonspecific fashion do so via electrostatic and H-
bonding interactions with silanol groups and hydrophobic
interactions with siloxane groups.41 Although the same
interactions control the adhesion of naturally occurring and
combinatorially selected silica-binding proteins and peptides to
SiO2, they are clearly deployed in a specific fashion.42−44

To better understand the molecular mechanisms that
underpin the interaction of the Car9 SBP with silica surfaces,
we quantified the binding kinetics of the sfGFP−Car9 fusion
protein37 using a gold SPR chip coated with a thin layer of
SiO2. Under conditions where wild-type sfGFP has little
affinity for silica (Figure S1 in Supporting Information), all
sensorgrams displayed a sigmoidal adsorption behavior typical
of a cooperative process (Figure 1a). Indeed, the kinetics of the
adsorption phase were poorly captured by a rate law-based 1:1
Langmuir binding model which assumes a homogeneous
surface, identical binding sites, monolayer coverage, and no
interactions between adsorbate molecules on adjacent sites
(Figure 1b, dashed lines).45

Car9 contains five basic amino acids whose positively
charged sidechains might contact the negatively charged silica
surface. To probe the role of these interactions in the
nonstandard adsorption behavior, we constructed a Car9
variant called Car9Q4 in which Lys-7, Lys-8, Lys-11, and Arg-
12 were converted to uncharged glutamines. To our surprise,
the sfGFP−Car9Q4 fusion protein remained functional for
silica binding and could be purified by silica affinity
chromatography (Figure S2 in Supporting Information).
However, its affinity for the material was drastically reduced,
the sensorgrams lost their sigmoidal character, and it was
possible to accurately capture adsorption kinetics with a rate-
based Langmuir fit (Figure 1c; also see Figure S8 in Supporting
Information). We conclude that, as with the silaffin-derived R5
peptide46,47 and other combinatorially-selected silica-binding
peptides,42 basic residues play a key role in high-affinity
binding to silica. For Car9, they are also critical in determining
cooperative adsorption.

To rule out the possibility that sigmoidal adsorption is
driven by green fluorescent protein (GFP) dimerization
events,38 and to explore the contribution of the fused protein
framework, we appended Car9 to the C-terminus of the red
fluorescent protein mCherry and purified the resulting fusion
by silica affinity chromatography (Figure S2 in Supporting
Information). Figure 1d shows that mCherry−Car9 followed
similar sigmoidal kinetics. However, saturation coverage at
equimolar protein concentration was about 20−30% lower for
mCherry−Car9 compared to sfGFP−Car9 in spite of the fact
that the two proteins have comparable molar masses, pIs, and
architectures (Figure S3 in Supporting Information; see below
for a discussion).
In an effort to further generalize results, we fused Car9 to

the C-terminus of a predicted glucose kinase (GK) whose gene
was amplified from the genome of Geobacillus stearothermo-
philus. To our knowledge, this enzyme has not previously been
expressed, and because bacterial GKs can be monomeric,
dimeric, or tetrameric,48 its quaternary structure is unknown.
Thus, GK−Car9 provides an unbiased platform to test the
influence of both the Car9 SBP and framework oligomeric
status on silica adhesion.
We found that GK−Car9 expressed well in E. coli and that it

could be purified to near homogeneity by silica affinity
chromatography (Figure S2 in Supporting Information).
Native polyacrylamide gel analysis further revealed that, like
T. thermophilus GK,49 G. stearothermophilus glucokinase forms
a homotetramer (Figure 2a). A BLAST alignment revealed that
the two proteins share 58% homology and 40% identity at the
amino acid level (Figure S4a in Supporting Information),
allowing us to model the structure of the G. stearothermophilus
tetramer using SWISS-MODEL50 and the T. thermophilus GK
coordinates49 (Figures S4b and S5 in Supporting Information).
This exercise revealed that the C-termini are solvent-accessible
and located in the projecting lobes of each protomer (Figure
2b).
SPR sensorgrams collected with GK−Car9 exhibited the

characteristic sigmoidal adsorption behavior of Car9 fusions.
Surface saturation was lower than with either sfGFP−Car9 or
mCherry−Car9 (Figure 2c). Thus, at least when carboxyl
termini are accessible, the oligomerization status of the fusion
partner does not affect the cooperative nature of binding. To
summarize, the Car9 SBP drives high-affinity binding to silica
through a unique cooperative adsorption process that relies on
the presence of basic residues but is independent of the
identity and oligomeric status of the fused protein scaffold.

Modeling the Kinetics of Car9−Silica Interactions. To
model the sigmoidal character of Car9-mediated adsorption
kinetics, we developed a rate law expression based on the
Frumkin−Fowler−Guggenheim isotherm,51 which takes into
consideration attractive or repulsive lateral interactions
between neighboring adsorbate molecules and reduces to the
Langmuir formalism when these interactions are absent.52,53

Furthermore, because the kinetics of the desorption phase are
poorly captured by a single exponential decay (Figure S6 in
Supporting Information), we included a second reaction step
that can be conceptualized as a change in the conformation of
the SBP once initial adsorption and nearest neighbor contacts
have occurred at the silica interface. Diffusional limitations
were neglected as justified in Note 1 in the Supporting
Information. A schematic depiction of this process and the
governing equations of the resulting two-step model are
presented in Figure 3.
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The rate law expression for the initial adsorption step
considers the product of the flux and a sticking probability
which depends on the lateral interaction energy between
adsorbed species. The equivalent rate constant for adsorption
(ka1 in Table 1) is thus expressed as

σ π
θ

=
− −

k
N RT

M
E

RT
E

RT2
exp expa1

A

max

0 ii
k
jjj

y
{
zzz

i
k
jjj

y
{
zzz

(1)

where NA is Avogadro’s number, σmax is the density of binding
sites on the silica surface which is assumed to be identical
under prescribed solution conditions, M is the molar mass of
the adsorbing protein, R is the universal gas constant, E0 is the
molar intrinsic activation energy for bond formation between
SBP and surface, and Ei is the molar interaction energy
between nearest neighbors, a quantity that is negative for
attractive interactions. We assume that the time-dependent

SPR responses R1(t) and R2(t) are directly proportional to
protein surface concentrations. This allows us to take θ, the
surface coverage at time t, to be proportional to the ratio of the
sum of the SPR signals in each adsorption phase divided by
Rmax, the maximum SPR signal at saturation

θ ∝
+R t R t

R
( ) ( )1 2

max (2)

At fixed temperature T, and for a given solid-binding protein
and concentration of binding sites on the silica surface, the
species and temperature-dependent properties in eq 1 can be
combined into a single parameter to give a rate constant of the
form

θ= ′k k uexp( )a1 a1 (3)

Figure 2. Oligomerization, predicted structure, and silica-binding
properties of GK−Car9. (a) Native polyacrylamide gel analysis of
GK−Car9 showing the migration positions of marker proteins and
those of bovine serum albumin (66 kDa) and sfGFP (26.8 kDa). (b)
Predicted quaternary structure of the GK oligomer. In these front and
side views, a monomer is shown in blue and the four C-termini are
colored in red. (c) Adsorption kinetics of GK−Car9 on silica-coated
SPR chips. Fits obtained with the two-step cooperative adsorption
model are shown with solid lines.

Figure 3. Proposed two-step cooperative binding model for the
adsorption of Car9 fusion proteins to silica surfaces. The adsorption
and desorption phases are schematically illustrated with proteins
depicted in green, linkers in orange, and Car9 SBPs as blue triangles
or blue squares to reflect the fact that they undergo a conformational
change after they have bound to the silica surface. (A similar
conformation change occurs upon desorption). The governing
equations which are simultaneously solved by the optimization
routine are also shown. R1(t) and R2(t) correspond to the time-
dependent SPR responses associated with the first and second
adsorption/desorption phases, respectively. The Car9 SBP drives
protein adsorption to the silica surface (a) at a rate dependent on the
rate constant ka1, the bulk protein concentration CA, and the surface
concentration of free binding sites. Interactions between neighboring
Car9 moieties, and to a lesser extent between fused protein
frameworks, engender a cooperative behavior. Bound species next
undergo a conformational rearrangement at the interface or desorb
from the surface. These are parallel first-order processes with rate
constants kd1 and ka2. The isomerization step is reversible, and the
bound forms corresponding to signal R2(t) can convert back to the
original isomeric form with first-order kinetics and a rate constant kd2.
The desorption phase (b) is described by the absence of analyte in the
bulk liquid, (CA = 0). Adsorbed proteins switch between isomeric
forms, with parallel desorption of the isomer corresponding to signal
R1(t) back into the liquid phase. This causes the gradual decay in SPR
signals observed in the desorption phase of the SPR sensorgrams. See
Note 2 in the Supporting Information for a detailed explanation of
model equations.
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where
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(5)

Thus, the entirety of protein−surface interactions is
accounted for by the modified rate constant ka1′ . Of note, the
overall rate constant ka1 also depends on the concentration of
binding sites available on the surface through the exponential
factor exp(uθ) which changes with surface coverage. This
factor accounts for cooperative SBP−SBP interactions and
framework contributions. A detailed derivation of the
governing equations can be found in Note 2 in the Supporting
Information.
Model Validation. The solid lines in Figure 1a show that

the proposed model closely fits the experimental data and that
it accurately captures the distinct sigmoidal adsorption phase
of sfGFP−Car9 on silica. Desorption kinetics, which are
simultaneously fit by the optimization routine, are also
captured with good fidelity. However, the match with
experimental data is not as good presumably because our
model does not account for protein readsorption events.
Examination of extracted parameters for sfGFP−Car9 (Table
1) reveals that the first adsorption step is kinetically dominant
and that it occurs with positive cooperativity (u > 0), firmly
implicating protein−protein interactions in high-affinity silica
binding. The second stepan isomerization reactionoccurs
with significantly slower kinetics (Table 1), as confirmed in
Figure S7 in the Supporting Information by a comparison of
the simulated values of instantaneous adsorption and
desorption rates for each reaction.
Our observation that sfGFP−Car9, mCherry−Car9, and

GK−Car9 adsorb to silica with comparable u values (Table 1)
indicates that interactions between nearest neighbor Car9
segments are the main driver for cooperativity and that
framework−framework interactions only play a minor role in
the process. The slight (∼15%) increase in the value of u for
GK−Car9 is not unexpected and consistent with a situation in
which copresentation of four SBPs per GK−Car9 oligomer
increases the likelihood of lateral interactions with Car9
segments from neighboring tetramers.
Table 1 further shows that both mCherry−Car9 and GK−

Car9 adsorb to silica with a higher ka1′ than sfGFP−Car9. In
the case of GK−Car9, this result is well explained by the fact
that four Car9 extensions per GK oligomer are more effective
at reducing the energy barrier E0 than a single SBP because

they contribute combined attractive electrostatic interactions
between the protein and surface. The associated increase in ka1′
clearly dominates over the opposite effect brought about by the
higher molar mass of GK−Car9 protomers (34.2 kDa
compared to 28.6 kDa for sfGFP−Car9 monomers; see eq
4). In the case of mCherry−Car9, a monomeric protein
comparable in mass and shape to sfGFP−Car9, the increase in
ka1′ likely results from more subtle framework effects. For
instance, the “bottom” face of mCherry from which the Car9
extension projects has a higher electrostatic potential than the
bottom face of sfGFP (Figure S3 in Supporting Information).
This might minimize short-range electrostatic interactions
between the mCherry framework and the positively charged
SBP, allowing Car9 to more efficiently engage the silica surface.
It is finally of interest to note that both mCherry−Car9 and

GK−Car9 desorb at higher rates than sfGFP−Car9 after initial
adsorption. The higher kd1 values, along with a more complex
interplay of association and dissociation events during the
isomerization step, account for the lower saturation coverage
(e.g., compare Figures 1a,d and 2c at 0.1 μM). For comparison,
the fitting of sfGFP−Car9Q4 sensorgram data with a rate law-
based Langmuir model that is appropriate for the dataset
(Figures 1c and S8 in Supporting Information) yields values of
ka (3000 ± 100 M−1 s−1) and kd (0.18 × 10−3 ± 0.07 × 10−3

s−1) that are typical of nonspecific protein adsorption
processes.54

Influence of Ionic Strength. To assess the robustness of
our model, we conducted additional SPR experiments using
0.125 μM sfGFP−Car9 and increasing concentrations of
sodium chloride to screen charges on both the silica surface
and protein shell. All sensorgrams retained a sigmoidal
character, establishing the validity of the cooperative two-
step model under more physiological solution conditions
(Figure 4). However, there was a ∼40% decrease in saturation
surface coverage in the presence of 50 mM of NaCl and an
additional 10% decrease in θ at 100 mM of NaCl. These results
can be explained by the screening of silanol-rich Car9 binding
sites by sodium ions, and they are consistent with the
observation that the zeta potential of silica nanoparticles
decreases from −55 to −27 mV when the NaCl concentration
is increased from 0 to 100 mM at neutral pH.55

Parameters extracted from the model provide validation for
the above hypothesis and insights into the molecular basis of
ionic effects (Table 1). First, a decrease in the net number of
Car9 binding sites (captured by parameter σmax in eq 4) should
cause ka1′ to increase with the salt concentration, a behavior
that we observe experimentally. NaCl may also contribute to
the increase in ka1′ by shielding repulsive interactions between
the sfGFP framework and silica surface, thus reducing the

Table 1. Kinetic Parameters for the Two-Step Adsorption of Car9 Fusion Proteins at pH 7.5

proteina [NaCl] (M) u ka1′ (M−1 s−1) kd1 × 10−3 (s−1) ka2 × 10−3 (s−1) kd2 × 10−3 (s−1)

sfGFP−Car9a 0 2.9 ± 0.1 20 700 ± 1200 0.76 ± 0.05 0.17 ± 0.05 0.03 ± 0.01
mCherry−Car9a 0 2.9 ± 0.1 27 100 ± 1200 2.40 ± 0.60 0.85 ± 0.20 0.20 ± 0.10
GK−Car9a 0 3.1 ± 0.2 34 100 ± 900 4.32 ± 0.90 0.67 ± 0.10 0.05 ± 0.01
sfGFP−Car9b 0 2.9 20 000 0.84 0.12 0.060
sfGFP−Car9b 0.05 2.2 29 000 2.15 0.20 0.020
sfGFP−Car9b 0.1 2.3 30 000 4.71 0.51 0.100

aMean and standard deviations were obtained from three fits of SPR data obtained on the same chip at protein concentrations of 0.031, 0.075, and
0.1 μM for sfGFP−Car9, 0.05, 0.075, and 0.1 μM for mCherry−Car9, and 0.075, 0.1, and 0.125 μM for GK−Car9. bModel parameters were
extracted from the experimental data of Figure 4, which was conducted on a single chip and at a sfGFP−Car9 concentration of 0.125 μM with the
indicated concentrations of NaCl.
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activation barrier E0. Second, there is a 25% decline in the
value of u in the presence of salt. This suggests that attractive
electrostatic interactions between neighboring Car9 domains
(and to a lower extent sfGFP monomers, see above) contribute
to cooperativity and are shielded in the presence of salt. Third,
the increase in the rate of protein desorption (kd1) with salt
concentration is consistent with such weakened lateral
interaction and a lower protein coverage, much likely we
observe with GK−Car9. Finally, there is a progressive increase
in the rate constant for the isomerization step (ka2) with salt
concentration (Table 1). While the underlying mechanism
remains unclear, it is tempting to hypothesize that the ionic
screening of lysine, arginine, and aspartate side chains
facilitates conformational rearrangement of Car9 extensions
at the silica interface.

■ SUMMARY AND CONCLUSIONS
SPR23,24 and QCM56 are mature characterization techniques
that have proven remarkably useful for quantifying the binding
of biomacromolecules to ligands immobilized on sensor chips.
They have also been used for well over a decade to study the
direct interaction of SBPs with inorganic and synthetic
surfaces.3,21 In most cases, adsorption isotherms are treated
with a 1:1 Langmuir model and kinetic parameters and free
energies of binding are extracted from the fit. At the exception
of a handful of studies by Sarikaya and co-workers21,27−29 in
which a biexponential Langmuir model was used to capture
nonideality in the binding of gold-binding peptidesa
phenomenon originally thought to be associated with the
polycrystalline nature of the surface but later attributed to
surface diffusivity and time-dependent evolution of adsorbed
peptide structures30little attention has been paid to the
appropriateness of the Langmuir treatment.57 The fact that
QCM and SPR measurements are often noisy when conducted
at low concentrations of synthetic peptides further complicates
the recognition that a SBP adsorption process might not obey
Langmuir kinetics.
Here, we have used large fusion proteins to characterize the

adsorption of the promiscuous and technologically useful Car9
peptide to silica-coated SPR chips. The approach yields high-
quality sensorgrams and enables SBP compositional and
functional analysis within a solubilizing context. Of relevance
to our long-term goal of installing SBPs within computationally
designed scaffolds for the controlled assembly of hierarchical
structures, it also provides molecular insights into how SBP,
surface, fusion partner, and solution conditions modulate
binding.

Our results indicate that Car9 endows protein scaffolds to
which it is fused with a sigmoidal adsorption behavior on silica,
irrespective ofbut influenced bythe identity of the host
framework and the SBP valency. This unique adsorption
modality was accurately captured by a two-step kinetic reaction
model in which cooperative binding driven by intermolecular
contacts between Car9 extensions (and to a lesser extent by
fused framework contributions) is followed by an isomer-
ization step that “locks” SBP and fusion partner in a high-
affinity interaction with the surface. The model is consistent
with both the tendency of certain SBPs to self-assemble into
ordered structures at interfaces,14,20,30,58 and with the enthalpic
binding mechanism proposed by Walsh and Knecht3,59,60 in
which anchor residues (amino acids that spend a significant
amount of time at the interface) mediate strong enthalpic
contacts between SBP and silica. By contrast, sfGFP−Car9Q4
exhibits a more traditional Langmuir behavior. It may,
therefore, belong to the class of entropic SBPs which achieve
high-affinity binding by assuming multiple conformations at
the interface.3,59,60 Such a conversion in binding modalities
between Car9 isoforms suggests that it should be possible to
gain a detailed understanding of how Car9 adsorbs to silica by
generating a panel of Car9 mutants, pairing model parameter
extraction from SPR experiments with structural predictions
and advanced molecular dynamics simulations.
The approach described herein should be generalizable to

other technologically useful SBPs exhibiting non-Langmuir
adsorption. It should also provide a rich source of information
on how SBP−SBP interactions, host framework, and solution
conditions modulate adhesion, which will be critical in
enabling predictive material synthesis with solid-binding
proteins.
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