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ABSTRACT Conventional kinesin is routinely adsorbed to hydrophilic surfaces such as SiO,. Pretreatment of surfaces with
casein has become the standard protocol for achieving optimal kinesin activity, but the mechanism by which casein enhances
kinesin surface adsorption and function is poorly understood. We used quartz crystal microbalance measurements and micro-
tubule gliding assays to uncover the role that casein plays in enhancing the activity of surface-adsorbed kinesin. On SiO,
surfaces, casein adsorbs as both a tightly bound monolayer and a reversibly bound second layer that has a dissociation
constant of 500 nM and can be desorbed by washing with casein-free buffer. Experiments using truncated kinesins demonstrate
that in the presence of soluble casein, kinesin tails bind well to the surface, whereas kinesin head binding is blocked. Removing
soluble casein reverses these binding profiles. Surprisingly, reversibly bound casein plays only a moderate role during kinesin
adsorption, but it significantly enhances kinesin activity when surface-adsorbed motors are interacting with microtubules. These
results point to a model in which a dynamic casein bilayer prevents reversible association of the heads with the surface and
enhances association of the kinesin tail with the surface. Understanding protein-surface interactions in this model system
should provide a framework for engineering surfaces for functional adsorption of other motor proteins and surface-active

enzymes.

INTRODUCTION

Many in vitro assays require binding proteins tightly to
surfaces such as glass, plastic, gold, and silica while retaining
proper function of the adsorbed proteins. For instance, anti-
bodies are routinely adsorbed to surfaces and used to bind
other proteins of interest, and avidin can be bound nonspecif-
ically to surfaces and used to bind biotinylated proteins or
DNA. However, despite the importance of such protein
immobilization techniques in fundamental and applied
research, there is little systematic understanding of these
processes, and in most cases optimal utility is achieved only
by trial and error.

In vitro motility assays, in which motor proteins such as
kinesin, myosin, or dynein are adsorbed to glass surfaces
or beads have provided a wealth of information regarding
the fundamental mechanism of mechanoenzymes and have
provided a model for incorporating biologically derived
forces and transport into engineered microdevices (1-5).
Approaches for attaching motor proteins to surfaces have
included binding them to immobilized antibodies or strepta-
vidin (6,7), pretreating surfaces with nitrocellulose (8), and
adsorbing motors directly to the surface after pretreatment
with a blocking protein (3,9). Despite the body of biophys-
ical data generated from these assays, there is no systematic
approach for immobilizing motor proteins (or other proteins
for that matter) on surfaces. For instance, Mansson et al. have
proposed a model for myosin in which the positively charged
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head domain binds to negatively charged surfaces such as
glass and inactivates, whereas the C-terminal coiled-coil
binds well to hydrophobic surfaces (10,11). This model
explains the finding that heavy meromyosin is very active
on hydrophobic surfaces but minimally active on clean glass,
but as kinesin shows maximal activity on glass surfaces and
is inactive when adsorbed to hydrophobic surfaces (12), this
model is clearly not generalizable. Because there are dozens
of motor proteins that have yet to be analyzed, and because
better immobilization and precise patterning of motors could
lead both to more precise functional assays and novel appli-
cations of motor-driven transport in microscale geometries,
a more thorough understanding of how motor proteins bind
to surfaces is needed.

Kinesin motors use the energy of ATP hydrolysis to trans-
port intracellular cargo along microtubules, 25-nm-diameter
cytoskeletal filaments. Conventional kinesin is a dimeric
protein consisting of three domains: the heads, which bind
microtubules and hydrolyze ATP, the coiled-coil rod, and
the tail, which is responsible for cargo binding (13,14). In
the microtubule gliding assay, which was instrumental in the
discovery of conventional kinesin (15,16), motors are ad-
sorbed to the surface through their tail domains, while the
heads bind to and transport microtubules across the surface.
Howard et al. showed that although adsorbing high concen-
trations of purified motors to glass resulted in functional
immobilized motors, motor functionality on the surface was
significantly enhanced by pretreating the surface with block-
ing proteins (3), and subsequent work showed that maximal
motor activity is achieved when surfaces are pretreated with
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the milk protein casein (17-19). Despite a paucity of sup-
porting data, the working model is that casein binds to the
surface in such a way that, when motors are introduced,
the kinesin tail is able to bind to the surface between aggre-
gates of adsorbed casein, but the adsorbed casein blocks
binding of the kinesin head, maximizing motor functionality.

Although this model is consistent with casein’s ability to
enhance kinesin functionality, it leaves a number of unre-
solved questions. First, what is the structure of surface-
adsorbed casein? Casein aggregates into complexes that range
from a few nanometers to hundreds of nanometers in diameter
(20,21), and surface binding may also alter casein structure.
Second, how does casein enable kinesin tail binding while
preventing binding of the head domains to the surface? A
corollary of this is: does the kinesin tail bind directly to the
surface, or does it bind to surface-adsorbed casein? A final
question is, after the initial adsorption of casein to a clean
surface, what is the role of casein in solution? Kerssemakers
et al. (22) recently reported that microtubules in the gliding
assay are on average 17 nm above the glass surface, which
puts an upper limit on the size of surface-adsorbed casein
whether the kinesin tails are adsorbed to the glass surface or
to the surface-adsorbed casein. In another recent report,
Verma et al. showed that, regardless of the conditions during
kinesin adsorption to the surface, soluble casein added to
the microtubule solution improves the activity of surface-
adsorbed kinesin (23).

Casein is a versatile protein that gives milk both its white
color and unique ‘“‘mouth feel’” as well as being a carrier of
calcium. Whole casein is predominantly made up of four
subunits («s1, &g, B, and k) that range from 19 to 25 kDa
(24). In the presence of calcium, casein forms micelles in
the range of 50-500 nm (21,25,26), whereas in the absence
of calcium the micelles disassemble into smaller assemblies,
often called submicelles (20,21). Casein subunits are amphi-
pathic (24), and it has been suggested that casein acts as
a stabilizer of protein structure, or even as a chaperone in
promoting proper protein folding (27-29). The critical
micelle concentration (CMC) of B-casein has been reported
in the range of 0.05% w/v (0.5 mg/mL), although it varies
with temperature, ionic strength, and subunit content (30).
A number of studies have investigated both the interactions
between casein subunits and the interaction of casein with
surfaces. By use of surface plasmon resonance, it was shown
that the association between the various casein subunits
varies with phosphorylation state, pH, and ionic strength
(31). Using neutron scattering to measure casein binding to
hydrophobic surfaces, Fragneto found that a monolayer of
B-casein binds tightly, followed by a second loosely bound
layer (32). Tiberg et al. found similar subunit interactions
for casein adsorbed to silicon oxide and argued that these
interactions are correlates of the intersubunit interactions
that stabilize casein micelle structure (33).

Here we use quartz crystal microbalance (QCM) mass
measurements and functional kinesin assays to investigate
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binding of casein and kinesin to SiO, surfaces. By measuring
the linear change in the resonance frequency of the crystal
with increasing mass, the QCM can detect binding of
proteins and other analytes to surfaces down to nanogram
levels (34,35). Motility assays complement these measure-
ments by quantifying the surface density of functional
adsorbed kinesin motors. We find that casein binds tightly
to surfaces, with the amount of tightly bound casein equiva-
lent to a 2.1-nm-thick protein monolayer. In addition to this
irreversibly bound casein layer, a second, reversibly bound
layer of casein adsorbs with a maximum mass of one-third of
the tightly bound layer. This reversible ““weakly bound layer”
has a profound effect on motor binding and motor function.

METHODS
Casein, kinesin motors, and microtubules

Casein protein (C7078, Sigma, St. Louis, MO) was dissolved in BRB8O
buffer (80 mM PIPES, 1 mM MgCl,, and 1 mM EGTA, pH 6.9) overnight,
centrifuged at 245,000 x g in a Beckman 50.2 Ti rotor for 30 min, and
filtered through 0.22-um syringe filters (Fisher Scientific) to remove insol-
uble components. Protein concentration was determined by absorbance at
280 nm, the protein was diluted to 20 mg/mL in BRB80, aliquoted, frozen
at —20°C, and thawed the day of the experiment. Because the tertiary struc-
ture of casein is presumably dynamic and is not determined, casein binding
data are presented as the molar concentration of casein subunits, where
24 kDa is taken as the average subunit molecular mass (i.e., 1 mg/mL =
44 uM subunits).

Full-length Drosophila melanogaster conventional kinesin heavy chain
was bacterially expressed and purified by Ni column chromatography as
previously described (2,36). A headless construct was generated by deleting
the first 345 amino acids of Drosophila kinesin (2), and a tailless kinesin was
constructed by truncating following M3 (37). Motor concentrations were
estimated by gel densitometry using a UVP GelDoc system after staining
with Coomassie blue or Sypro Orange (Molecular Probes, Carlsbad, CA).

Bovine brain tubulin was purified and rhodamine labeled as previously
described (38,39). Microtubules were polymerized by combining 32 uM
tubulin (1 rhodamine label per four tubulin dimers), 1 mM GTP, 4 mM
MgCl,, and 5% DMSO in BRB80 buffer and incubating at 37°C for
20 min, and were stabilized by diluting 100-fold into BRB80 including
10 uM taxol, which results in a population of microtubules with lengths
in the range of 5-20 um.

In vitro motility assays

To assess kinesin function, standard microtubule gliding assays were em-
ployed as previously described (2). Briefly, flow cells were constructed
from microscope slides (Fisher), glass coverslips (Corning 1 1/2, 18 mm?)
and double-sided tape. First, 0.5 mg/mL casein was introduced and incubated
for 3-5 min, followed by kinesin motors diluted in 0.2 mg/mL casein and
0.1 mM ATP, followed by motility solution (32 nM fluorescent microtubules,
1 mM ATP, 0.2 mg/mL casein, 10 uM taxol, and antifade cocktail consisting
of 20 mM p-glucose, 0.02 mg/mL glucose oxidase, 0.008 mg/mL catalase, and
0.5% f-mercaptoethanol). Microtubules were visualized using a Nikon E600
upright microscope with a 100x 1.3 NA oil objective. Images were captured
to videotape using a Genwac GW-902H camera and analyzed offline.

QCM sensor surface

For the QCM experiments, AT-cut (thickness-shear mode) quartz crystals
with a fundamental frequency of 27 MHz were coated with SiO,. These
crystals have an 8.7-mm-diameter crystal plate and are covered by a
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0.049 cm? Au electrode. To improve the adhesion between the gold surfaces
and SiO, films, the sensor surfaces were cleaned with UV irradiation for
15 min. After cleaning, a 100-nm SiO, layer was deposited onto the Au
surface using plasma chemical vapor deposition (ULVAC, CC-200). The
thickness of the SiO, layer was verified by monitoring the fundamental
frequency of crystals using the QCM system. Before each use, the sensor
surfaces were cleaned with a 1% SDS solution followed by piranha solution
(H,S04/30% H,0, = 3:1) to remove organic contamination, followed by
several rinses with distilled water.

QCM Instrument

QCM measurements were performed with an AFFINIX Q4 instrument
(Initium, Tokyo, Japan). This instrument has four 500-uL cells equipped
with a 27 MHz QCM plate at the bottom of each cell along with a stirring
bar and temperature control system. Sauerbrey’s equation was obtained
for the AT-cut shear-mode QCM in the air phase,

2
AF = ,m’ (1)
Aoy

where AF is the measured frequency change (Hz), F, is the fundamental
frequency of the quartz crystal (27 MHz), Am is the mass change, A is the
electrode area (0.049 cm?), pq is the density of quartz (2.65 g cm ™), and
g is the shear modulus of quartz (2.95 x 10" dyne cm ™) (40). From
Eq. 1, a 0.62 ng cm ™2 increase in mass results in a 1-Hz decrease in
frequency in air. The peak-to-peak noise of the 27-MHz QCM was 3 Hz
in buffer at 25°C.

Casein, kinesin, and microtubule binding

Before protein binding measurements, the SiO,-coated QCM sensor was
equilibrated by incubating BRB80 buffer in the chamber at 25°C for
20 min. Next, casein was introduced into each chamber, and the resulting
frequency decrease was recorded over the next 10—60 min. After casein
adsorption, any unbound casein was washed out by replacing the buffer solu-
tion in the chamber five times. Reversible casein and motor binding was as-
sessed by adding different solutions to QCM chambers previously treated
with casein. Kinesin motor proteins (full-length, headless and tailless) were
prepared in BRB80 buffer with or without 0.2 mg/mL casein, and were intro-
duced into the QCM sensor cells. After binding, unbound proteins were
removed by replacing the solution five times with motor-free buffer.

Quantifying casein binding affinity

The interaction of casein in solution (Csseion) With the tightly bound
monolayer of casein on the surface (Csrign) to form a bilayer of tightly
and weakly bound casein (Cswea-CsTign) Was expressed as a reversible
binding interaction:

k()ﬂ
Cssoution + CSTignt /:_—’ Csweak-CSight-
off

Equilibrium casein binding data were fit to a Langmuir isotherm:

AF — KA [CSSOIution]

=0 X OF 2
1 + KA [CSSOIUtion]

where AF is the measured frequency change, [Cssoution] 1S the concentration
of casein in solution, and K, is the association constant (in M~'). The
kinetics of reversible casein binding was assessed by introducing different
concentrations of casein in solution and measuring the time course of the
frequency change. The kinetics was analyzed as follows:
[CsWeek—CSTight] = [CSWeek—CsTight} (1 —el 7)) 3)

max

3307
AF = AF (1 —e77) )
1/7 = kon [CSSolulion} + koff- (5)

Time constants for casein binding (7) were obtained by fitting the time
course of casein binding (see Fig. 3 b, inset) with Eq. 4. Rate constants
for the reversible binding of weakly bound casein (k¢ and &, in Table 1)
were obtained by fitting Eq. 5 to these data (see Fig. 3 ¢).

Dynamic light scattering

Dynamic light scattering (DLS) measurements were used to characterize the
size of casein aggregates in solution. DLS measurements were performed
using a Zetasizer Nano (Malvern Instruments, Worcestershire, UK) with 1
mL of 0.2 mg/mL casein solution in BRB80 buffer at 25°C. An intensity
autocorrelation curve was generated and transformed to a volume distribu-
tion of casein aggregates in solution.

RESULTS

Casein maximizes the activity of surface-bound
kinesin

As a first test of casein function, we compared the ability of
casein and BSA to maintain the activity of surface-adsorbed
kinesin in the microtubule gliding assay. In what we define
here as the “‘standard” microtubule gliding assay, which is
used routinely in a number of labs and is the protocol pre-
sented on the Kinesin Home Page (http://www.proweb.org/
kinesin//), surfaces are pretreated with 0.5 mg/mL casein,
and 0.2 mg/mL casein is also included in the motor solution
and the microtubule solution (2,17). Using this protocol,
robust microtubule gliding is observed using kinesin concen-
trations well below 1 pg/mL (2). It is known that adsorbing
kinesin in the absence of any blocking agent results in very
low motor activity, presumably due to motor denaturation on
the surface (3). BSA has been used as a blocking agent by
Bohm et al., and although robust microtubule gliding was
observed when high kinesin concentrations were employed,
no microtubule motility was observed when kinesin concen-
trations below 10 pg/mL were used (41).

To quantify the degree to which casein maximizes the
activity of surface-adsorbed kinesin, we replaced the casein
in the blocking solution, motor solution, and microtubule
solution with 0.5 mg/mL BSA. Because this concentration

TABLE 1 Rate constants and binding affinity of tightly and
weakly bound casein on the QCM surface

kon kot Ka Kp Am
ao*M s @ao0?s™hH oMy @M) (ngcm?)
Tightly bound n.d. n.d. 140 7.1%  279%
casein
Weakly bound 5.4f 3.5f 2.0 500 102*
casein

Data represent fits to data in Fig. 3, as described in Methods. Kp = 1/K4.
*Values determined from Fig. 3 a.
*Values determined from Fig. 3 c.
#Values determined from Fig. 3 b.
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is ~5-fold higher than the amount of BSA needed to form
a continuous 4-nm-thick surface monolayer, this treatment
is expected to completely block the surface. To quantify ki-
nesin activity, we measured the number of microtubules
moving over a surface coated with 5 ug/mL full-length kine-
sin after 5 min of incubation. The microtubule landing rate
has been shown to vary with kinesin concentration up to
a plateau where microtubule landing is diffusion limited
(2,3), meaning that the microtubule landing rate can be
used as a measure of the concentration of active motors on
the surface. As seen in Fig. 1, using identical 5 ug/mL kine-
sin concentrations, BSA treatment resulted in drastically
fewer microtubules bound to the surface. To quantify the
enhancement of motor activity more precisely, we decreased
the kinesin concentration in casein to match the results seen
with BSA and found that the activity of 0.1 ug/mL kinesin in
casein matched the activity of 5 ug/mL kinesin in BSA. This
result indicates that the functional activity achieved per
motor introduced into the flow cell is 50-fold higher when
the motility assay is performed with casein rather than BSA.

Casein binding to surfaces as measured by QCM

In the gliding assays shown in Fig. 1, casein is used to
pretreat the surface and is included in both the kinesin solu-
tion and the microtubule solution. If casein binds reversibly
to the surface, then it may be important to maintain sufficient
casein concentrations in the assay to prevent the motor
domains from binding to the surface and inactivating.
However, the reversibility of casein surface adsorption has
not been well characterized. To precisely quantify the
amount and the affinity of casein binding to glass surfaces,
we measured the binding of casein to a SiO, functionalized
quartz electrode in a quartz crystal microbalance (QCM)
instrument. The simple prediction is that, above a minimum
casein concentration, an irreversible monolayer will form
with a thickness corresponding to the size of casein in solu-
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FIGURE 1 Comparing the microtubule-binding activity of kinesin in

casein and BSA. In the casein experiment, flow cells were pretreated with
0.5 mg/mL casein, and 0.2 mg/mL casein was present in both the kinesin
and microtubule solutions. In the BSA experiment, casein was replaced by
0.5 mg/mL BSA in all solutions. Five minutes after introduction of rhoda-
mine-labeled microtubules (64 nM), the number of microtubules moving
in each 70 um x 55 um video screen was counted. Data for each condition
are plotted as mean + SD for N = 30 windows taken from three different
flow cells. (Insef) Diagram of the microtubule gliding assay.
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tion. To measure this surface binding, varying concentrations
of casein were introduced into the QCM measurement cell
and the resulting change in resonant frequency measured
before and after washout with buffer. The first goal was to
measure the amount of casein bound when the electrode
was incubated in saturating concentrations of casein (analo-
gous to the conditions of the gliding assay), and the second
goal was to assess the extent to which casein binding to the
surface is reversible.

Fig. 2 shows a typical trace from the QCM experiments.
When a 0.2 mg/mL casein solution is introduced into the
sample chamber, there is a rapid fall in the resonant frequency
by ~1500 Hz, corresponding to an increase in mass from
protein binding to the SiO, surface. After ~35 min, the casein
solution is replaced with protein-free buffer and rinsed five
times to remove any weakly bound protein. At this point,
the frequency rises by ~300 Hz, indicating that most of the
protein is tightly bound to the surface. Finally, after introduc-
tion of a new 0.2 mg/mL casein solution at 60 min, the
frequency again falls, indicating the reversible binding of
a weakly bound casein layer. These data suggest that there
are two modes of casein binding to SiO, surfaces, a tightly
bound layer (with magnitude @ — ¢ in Fig. 2) and a weakly
bound layer (with magnitude ¢ — b in Fig. 2).
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FIGURE 2 Typical real-time monitoring of casein binding to a SiO,
surface in the QCM. (@) Addition of 0.2 mg/mL casein solution, (b) wash
with casein-free buffer, (¢) wash in of 0.2 mg/mL casein solution. Panels illus-
trate model for casein submicelles in solution landing and dissociating on the
surface to form a tightly bound monolayer and a weakly bound secondary
layer. In a separate experiment using a surface-passivated QCM electrode,
introducing a 0.2 mg/mL BSA solution resulted in no frequency change
(data not shown), indicating that the observed response is caused by surface
binding of casein and not by changes in solution viscosity or density.
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FIGURE 3 Casein surface binding isotherms. (@) Frequency change resulting from casein binding to the SiO, surface of the QCM. Frequency data, corre-
sponding to the time just before point b in Fig. 2, are presented as a function of the initial casein concentration in solution. (b) Binding of the reversible casein
layer onto a casein-coated SiO, surface. Inset shows raw traces, demonstrating the kinetics of casein binding. Data are presented as mean + SD for three to five
determinations each. (¢) Linear reciprocal plots of the time constant (taken from b, inset) versus casein concentration. Fit parameters are given in Table 1.

To more fully investigate the kinetics and affinity of casein
binding to the SiO, surface, different concentrations of
casein were incubated in the experimental chamber, and
the resulting frequency changes were recorded. From
Fig. 3 a, casein binding saturates at ~1500 Hz. Fig. 3 b shows
a binding isotherm for reversibly bound casein, determined
by preincubating the surface with a saturating concentration
of protein, washing with casein-free buffer, and then intro-
ducing solutions with varying casein concentrations. A fit to
the data gave a maximum frequency change of 378 Hz and
a dissociation constant of 500 nM, assuming a 24 kDa
average subunit molecular mass. The magnitude and affinity
of the tightly bound casein layer were calculated by subtract-
ing the reversibly bound casein in Fig. 3 » from the total
bound casein in Fig. 3 a. The tightly bound casein layer
had an affinity of 7 nM and had a maximal frequency change
of 1078 Hz; however, because of the potential for solution
depletion at very low concentrations, we consider this 7 nM
to be an upper limit, and the affinity may be considerably
tighter than this.

The calculated equilibrium binding constants and rate
constants for casein binding to the SiO, surface in the
QCM are presented in Table 1. For dissociation of the revers-
ibly bound layer, the kog of 3.5 x 10~ s~ corresponds to a
time constant of ~5 min. We were unable to measure the
kinetics of the tightly bound layer, but as >60 min washes
in protein-free buffer led to negligible dissociation of this
tightly bound casein (data not shown), this tightly bound layer
was, for all practical purposes, irreversibly bound. Notably,
the 500 nM dissociation constant for weakly bound casein
corresponds to 0.011 mg/mL casein, which is more than
10-fold below the 0.2 mg/mL routinely used in motility
assays. This means that under standard conditions used in
motility assays, both a tightly bound layer and a weakly
bound layer of casein are adsorbed to the surface.

If we consider casein binding to be monolayer surface
coverage, what are the thicknesses of the tightly and weakly
bound casein layers? In air, changes in the QCM resonant

frequency correspond well to changes in the mass of the
crystal and can be quantified by the Sauerbrey Equation
(see Methods). However, in aqueous solutions, changes in
the resonant frequency not only correspond to mass changes
resulting from bound proteins but also involve the hydration
layer and the viscoelasticity of the adsorbed protein (42). To
account for these hydrodynamic effects, we directly cali-
brated the relation between AF in water and AF in air after
adsorption of varying amounts of casein on the surface of
the 27-MHz QCM crystal and found that the frequency
changes in solution are 2.3 times the frequency change in
the air. This result agrees well with measurements from
a range of proteins that had factors ranging from 1.8 to 4.7
and nearly matches the factor of 2.5 observed for BSA
(42). Using Eq. 1 and this factor of 2.3 for AF e/ AF i
gives a conversion factor of 0.27 ng/cm?/Hz for the
0.049 cm? electrode, so the 1035 Hz from the tightly bound
casein layer corresponds to 279 ng/cm” on the crystal surface.
Assuming that the density of the hydrated protein layer on
the surface is 1.35 g/cm® (43), this mass change corresponds
to a 2.1 nm thick tightly bound casein layer on the QCM
surface. The 378 Hz maximal signal for reversibly bound
casein, corresponding to 102 ng/ecm?, is one-third of this
and can be interpreted either as a second layer with one-third
the thickness or a one-third coverage at the same thickness as
the first layer.

Characterizing casein in solution

Under different conditions, casein can take on a range of
structural states from nanometer-scale monomers to micelles
hundreds of nanometers in size. To better understand the
structure of soluble and surface-bound casein in our experi-
ments, we investigated the subunit composition and the solu-
tion aggregation state of our casein protein. Our standard
protocol involves dissolving casein overnight in calcium-
free buffer, centrifuging to remove large aggregates, and
finally filtering through 0.22-um syringe filters. This
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TABLE 2 Molecular mass and composition of casein subunits
in bovine milk

Subunit Molecular mass (kDa) Composition in milk (g/L)
o 22-23.6 12-15

52 25 34

6 24 9-11

K 19 2-4

Data from Eigler et al. (52).

protocol is expected to remove the micelles and large
complexes found in milk, but the resulting protein could
be present as 3—4-nm casein monomers, ‘‘submicelle parti-
cles” in the 5-50-nm size range, or potentially larger aggre-
gates (20,21,24).

One determinant of the aggregation state is the casein
subunit composition. Whole casein includes «-, 8-, and k-
casein subunits, and there are a number of models that
describe the roles that each plays. Table 2 gives sizes of
the various casein subunits and their approximate stoichiom-
etries in milk. To determine the subunit composition of our
filtered whole casein, we ran an SDS-PAGE gel of our
filtered casein along with isolated «-, -, and k-casein. As
seen in Fig. 4 b, a-casein runs at 25 kDa (presumably this
is agp at 25 kDa), B-casein runs at ~23 kDa along with a faint
band at ~32 kDa, and k-casein runs at 21 kDa. The filtered
whole casein used in this work (lane 2) consists primarily
of a- and (-casein with little k-casein present.

To assess the aggregation state of filtered casein in solu-
tion, we carried out dynamic light-scattering measurements
of casein at the 0.2 mg/mL concentration used in our exper-
iments. As seen in Fig. 4 a, the majority of the protein is
found in aggregates centered around 16 nm, with the wide
peak ranging from <10 nm up to nearly 40 nm. There is
a small peak in the data centered at 182 nm (0.3% of the total
protein volume) and 4690 nm (0.1% of the total protein
volume). Importantly, there is no evidence of aggregates
smaller than 8 nm, meaning that 20-30-kDa soluble casein

a 30 b
o5 15.7 nm

of 1
15F
101
5
0

Ll Ll MR ETIT
1 10 100 1000
Diameter / nm

Volume / %

FIGURE 4 Characterizing casein in solution. (¢) Dynamic light scattering
of 0.2 mg/mL casein in BRB80 buffer at 25°C. The peak centered at 15.7 nm
accounts for >99.5% of the particle volume; there are also small peaks
centered at 182 nm and 4690 nm, accounting for 0.3% and 0.1%, respectively.
No detectable signal was seen below 8 nm. (b) SDS-PAGE gel of casein in
solution. Lane 1 is molecular mass marker, lane 2 is filtered whole casein
used in this study, lane 3 is « casein, lane 4 is $-casein, and lane 5 is k-casein.
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monomers, which are expected to be in the 3—4-nm range,
appear not to be present in solution. From electron micros-
copy studies, the term ‘‘submicelle’” has been used to
describe aggregates of casein monomers that come together
to form casein micelles, although the size and subunit consti-
tution of these submicelles are not well defined (20,21,
24-26,44). We interpret the 16-nm casein aggregates identi-
fied by dynamic light scattering to be submicelle particles,
each containing tens of casein monomers.

How can the 16-nm aggregates measured in solution be
reconciled with the 279 ng/em® surface-bound casein
measured from the QCM measurements? A rectangular array
of 16-nm-diameter spherical protein particles would corre-
spond to a surface coverage of 1130 ng/cm? and even
a 55% surface coverage as predicted from random parking
models (45) corresponds to 792 ng/cm?. The results can be
understood if the submicelles, on interacting with the
surface, dissociate into their respective subunits, and it is
these casein monomers that create a surface monolayer.
The average molecular mass of the casein subunits is 24
kDa, which corresponds to a spherical protein with a diameter
of 3.8 nm or a cuboidal protein, 3.1 nm on a side. Perfect
packing of these cubes (a 3.1-nm monolayer) corresponds
to a mass of 418 ng/cm?, and looser packing such as a rectan-
gular lattice of spheres corresponds to 268 ng/cm?”. Hence,
the measured 279 ng/cm2 mass of tightly bound casein is
quantitatively consistent with casein submicelles dissoci-
ating into subunits on binding to the surface.

Measuring kinesin surface binding by QCM

To understand the interaction of kinesin motors with surface-
adsorbed casein, we used QCM to measure the binding of
full-length and truncated kinesin to casein-treated surfaces.
In the conventional model, casein pretreatment enables kine-
sin tails to bind to the surface while preventing the heads
from binding to the surface. The evidence for this model is
the fact that surface-adsorbed kinesin is functional and is
able to move microtubules across the surface. However,
the data do not preclude the possibility that motors bind
nonspecifically, such that half of the motors are pointed up
and half are pointed down. In any case, the mechanism by
which casein alters the binding of kinesin heads or tails to
glass surfaces is not understood. We addressed this question
by pretreating surfaces with a saturating concentration of
casein to form a tightly bound layer of casein on the surface
and then washing in motors in either the presence or absence
of casein. To assess the contribution of kinesin head binding
versus kinesin tail binding, we repeated the experiments with
a headless construct (missing the first 340 residues (2)) and
a tailless construct (truncated at residue 559 (37)).

Motor binding traces are shown in Fig. 5. In all cases,
clean SiO, surfaces were treated with casein to form a tightly
bound casein layer on the surface before adding motors. For
full-length kinesin, a similar degree of motor binding was
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observed in the presence and absence of soluble casein after
2 h of incubation. Interestingly, in the presence of casein,
which matches normal conditions in the microtubule gliding
assay, the measured 450 Hz (corresponding to 121 ng/cm? of
protein using the 0.27 ng/cm*/Hz QCM response in water)
corresponds to a coverage of ~3000 kinesin dimers (223
kDa) per square micrometer. This agrees well with a previous
estimate from functional assays that measured the saturating
coverage of full-length kinesin motors to be 2000 motors/
,LLIle (2). To better understand how full-length kinesin binds
to the casein-pretreated SiO, surface, the binding of headless
and tailless kinesin was measured in the presence and
absence of soluble casein. In the presence of casein, headless
kinesin bound to the surface to a similar degree as full-length
kinesin, but interestingly, in the absence of casein, very little
headless kinesin bound to the surface (Fig. 5 b). This result is
somewhat counterintuitive: despite the presence of a tightly
bound layer of casein on the surface, very little kinesin tail
binds if soluble casein (and presumably the weakly bound
casein layer) is not present.

In contrast to headless kinesin, tailless kinesin binds well
to the surface when soluble casein is absent, but in the pres-
ence of soluble casein, the kinesin heads do not bind to the
surface (Fig. 5 ¢). This result is broadly consistent with the
idea that surface-bound casein prevents kinesin head binding
(and head inactivation); however, the difference is that the
surface contains a layer of tightly bound casein, and it is
the casein in solution (or the weakly bound casein layer)
that blocks the kinesin head from binding to the surface.
The results for binding of all three motor constructs in the
presence and absence of soluble casein are shown in Fig. 5 d.

To uncover the mechanism by which weakly bound casein
controls kinesin surface binding, headless and tailless kine-
sin were incubated in the presence of varying concentrations

1 1
50 75 100

% Casein Coverage

of free casein (Fig. 5 e). If soluble casein and kinesin heads
compete for the same area on the casein-treated surface, then
a simple prediction would be that 50% surface coverage of
the casein secondary layer would result in half-maximal ki-
nesin head binding. Similarly, if weakly bound casein
promotes kinesin tail binding to the casein-treated surface,
then 50% coverage of a weakly bound casein layer would
be predicted to result in half of the kinesin tail binding to
the surface. The data are inconsistent with both of these
predictions. At 0.5 uM casein, which corresponds to the
formation of 50% of the weakly bound layer (see Fig. 3),
adsorption of the kinesin head to the surface was almost fully
prevented, ruling out a model by which weakly bound casein
competes with kinesin heads for available surface binding
sites and suggesting a cooperative mechanism by which rela-
tively small amounts of weakly bound casein significantly
block kinesin head binding to the surface. Likewise, at casein
concentrations corresponding to a 50% weakly bound layer,
very little kinesin tail binds to the surface, suggesting that
a nearly saturating weakly bound layer of casein is needed
to enable kinesin tail surface binding.

Measuring the reversibility of headless and
tailless kinesin binding

To better understand the interaction of kinesin head and tail
domains with casein-treated surfaces, we measured the
reversibility of headless and tailless kinesin binding using
the QCM. The finding that in the absence of a weakly bound
layer of casein, very little headless kinesin binds to the
surface (Fig. 5 b) suggests that the kinesin tail actually binds
to the surface via the reversibly bound casein layer. If this
were the case, then washing out the reversibly bound casein
should remove a substantial fraction of the headless kinesin
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from the surface. This prediction was tested in Fig. 6 a. At
point 1, headless kinesin (3.7 nM) was washed into
a casein-pretreated surface in the presence of 0.2 mg/mL
casein. Consistent with Fig. 5 b, the frequency falls by
~600 Hz, indicating headless kinesin binding. After a wash
to remove any unbound motor, the buffer was replaced by
casein-free buffer. If the headless kinesin were bound to
the reversibly bound casein, then this step should wash
both the casein and the headless motors off of the surface.
Instead, at point 3 the frequency only rises by ~250 Hz,
slightly less than the degree of reversible casein binding
seen in Fig. 3 b. If both the reversibly bound casein and
the headless kinesin dissociated from the surface at point
3, the resulting frequency change would be a sum of the
casein dissociation (~250 Hz) and the headless kinesin disso-
ciation (~650 Hz from point 1 to point 2). Hence, headless
kinesin does not dissociate from the surface in casein-free
buffer, strongly suggesting that the kinesin tail does not
bind solely to the reversibly bound casein layer on the
surface.

We next tested whether the kinesin head binding observed
in Fig. 5 c is reversible. In that experiment, tailless kinesin
bound to a casein-treated surface only in the absence of
soluble casein. One possibility is that this binding is weak
and reversed simply by washing out the motors; alterna-
tively, soluble casein could reverse this head binding by
forming a reversibly bound casein layer on the surface that
resists kinesin head binding. In Fig. 6 b, the surface was first
pretreated with a saturating casein solution, followed by
a casein-free wash to establish a tightly bound casein mono-
layer. At point 4, tailless kinesin was introduced, and the
frequency fell by ~700 Hz, consistent with the tailless kine-

a b (4)
0 0

y 200 5 200
T 400 = 400
(TR ('
<1 600 <1 600

800 -800

1000550 200 300 '°%°% 00 200 300

Time / min. Time / min.

FIGURE 6 Testing the reversibility of kinesin head and tail binding. () To
test kinesin tail binding, 3.7 nM headless kinesin was washed onto a casein-
pretreated SiO, surface in the presence of 0.2 mg/mL casein (point 1). Note
that because the solution preceding point 1 contained 0.2 mg/mL casein,
the frequency change is caused solely by headless kinesin binding. At point
2, the solution was replaced with kinesin-free buffer containing 0.2 mg/mL
casein to remove any unbound headless kinesin. At point 3, the solution
was replaced with casein-free buffer to test whether casein dissociation re-
sulted in kinesin dissociation. (b) To test kinesin head binding, 3.7 nM tailless
kinesin was washed onto a casein-pretreated surface in casein-free buffer
(point 4). At point 5, motor-free buffer was washed in, and at point 6,
0.2 mg/mL casein solution was washed in in an attempt to displace the bound
motors. At point 7, solution was replaced by casein-free buffer to remove any
motors that had been displaced by the soluble casein.
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sin binding seen in Fig. 5 ¢. Washing out the motor solution
with casein-free buffer (point 5) resulted in a frequency rise
of ~150 Hz, indicating that ~20% of the kinesin heads are
reversibly bound. Next, in an attempt to displace the remain-
ing kinesin heads from the surface, a 0.2 mg/mL casein solu-
tion was introduced at point 6. The resulting 350-Hz fall
(consistent with the reversible casein binding in Fig. 3 b)
is interpreted to mean that 1), casein binds reversibly to the
surface to the same degree in the presence and absence of
surface-bound motor heads, and 2), introducing casein
does not immediately displace the kinesin heads from the
surface. To further confirm that the soluble casein does not
displace the motors, the flow cell was washed at point 7
with casein-free buffer. The resulting small frequency
increase is consistent with only the reversibly bound casein
being washed off of the surface. Hence, whereas ~20% of
the kinesin heads are reversibly bound in the absence of
soluble casein, the remaining 80% of the heads are not revers-
ibly bound to the surface.

Assessing functional activity of adsorbed kinesin
by QCM

We next addressed the question: what is the relative activity
of kinesin adsorbed to surfaces in the presence and absence
of casein? From Fig. 5 a, comparable amounts of full-length
kinesin bind to the QCM sensor surface in the presence and
absence of soluble casein, and the simple interpretation is
that in the presence of casein the motors bind through their
tail domain, whereas in the absence of casein the motors
bind through their head domains. The prediction is that
motors adsorbed in the presence of casein will be functional
(tail down, head up), whereas motors adsorbed in the
absence of casein will be nonfunctional (tail up, head
down). To test this prediction, we used the QCM to assess
the ability of immobilized full-length kinesin to bind micro-
tubules in the presence of the nonhydrolyzable ATP analog
AMP-PNP. Under these conditions, functional motors
should bind microtubules irreversibly to the surface, result-
ing in a detectable mass increase. The limit of detection in
this instrument is ~3 Hz, which corresponds to 39 pg of
protein binding to the QCM crystal. This mass corresponds
to ~26,000 microtubules with mean lengths of 5 um or,
equivalently, to a 0.07% surface coverage of the 0.049 cm?
crystal. As seen in Fig. 7, after 1 h of incubation, the motors
adsorbed in the presence of casein bound 5-10 times more
microtubules than the motors adsorbed in the absence of
casein, consistent with predictions.

Weakly bound casein enhances the activity
of surface-adsorbed kinesin

The QCM data in Fig. 7 indicate that the functional activity
of adsorbed kinesin motors is severely diminished when
casein is absent in the kinesin and microtubule solutions,
implying that simply pretreating a surface with casein is
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FIGURE 7 Binding of microtubules to kinesin immobilized on the SiO,
QCM surface. Both surfaces were pretreated with a saturating casein
concentration, washed with casein-free buffer, and then kinesin and micro-
tubules were introduced. In the 4-Casein experiment, 0.2 mg/mL casein was
present in both the kinesin and microtubule solutions. In the —Casein exper-
iment, casein was left out of both the kinesin and microtubule solutions. In
both experiments, 0.1 uM taxol-stabilized microtubules and 3.7 nM full-
length kinesin motors were used, and all solutions contained 0.1 mM
AMP-PNP to maximize microtubule binding.

not sufficient to maximize kinesin functionality. However, it
leaves open the question of whether the presence of a revers-
ibly bound casein layer is important during the kinesin
adsorption step or during the time when surface-adsorbed ki-
nesin is interacting with microtubules (or both). To address
this question, we turned to microtubule gliding assays to
more precisely quantify kinesin activity. Because conven-
tional kinesin is a processive motor, below a certain motor
surface density the rate that microtubules land on and
move over the surface is proportional to the kinesin motor
density on the surface (2,3). Hence, the microtubule landing
rate can be used as a measure of the concentration of active
motors on the surface.

The data in Fig. 8 complement and extend the QCM
results from Fig. 7. In all cases, surfaces were pretreated
with 0.5 mg/mL casein. When casein was left out of both
the kinesin solution and the microtubule solution, the landing
rate was 100-fold lower than the control case. This agrees
well with the lack of microtubule binding seen in Fig. 7
and reinforces that simply pretreating the surface with casein
is not sufficient to maximize the function of surface-adsorbed
kinesin. To test whether the reversibly bound casein layer
exerts its effect during the kinesin adsorption step or during
the microtubule binding step, soluble casein was left out of
either the kinesin solution or the microtubule solution.
When casein was left out of the kinesin solution, the landing
rate was 53% of control, but when casein was left out of the
microtubule solution, the landing rate fell to 22% of control.
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FIGURE 8 (a) Importance of soluble casein in the kinesin and microtu-
bule solutions. For the control experiment, a standard motility assay was
run using 0.5 mg/mL casein pretreatment, 0.2 mg/mL casein in the kinesin
solution (5 ug/mL full-length kinesin), and 0.2 mg/mL casein in the micro-
tubule solution. Casein was then left out of either the kinesin solution, the
microtubule solution, or both. In each case, the rate that microtubules landed
and moved was measured and plotted as mean for N = 6 screens (70 um x
55 pm) from two flow cells. In all cases, every microtubule that landed
moved over the surface. (b) The reversibility of casein enhancement. In
a standard gliding assay, the casein-containing microtubule solution was
washed out and replaced with a casein-free motility solution, and the micro-
tubule landing rate was determined. New microtubule solution containing
0.2 mg/mL casein was then washed in to rescue the motility, and the process
was repeated. Data are mean £ SD for three screens each. Because of sparse
surface coverage of microtubules and replenishment in new solutions, the
instantaneous microtubule landing rates are expected to be independent of
the number of microtubules that have previously landed.

Hence, the dominant effect of the reversibly bound casein
layer in maximizing kinesin activity was not enhancement
of kinesin adsorption but was instead an enhancement of
the activity of surface-adsorbed motors. These results are
consistent with similar experiments by Verma et al. (23).
To better understand how the presence of soluble casein
enhances the activity of surface-adsorbed kinesin, we asked
the question: is this enhancement reversible? If, in the
absence of weakly bound casein the motor heads become
irreversibly stuck, then adding back soluble casein should
have no effect. On the other hand, if the motor heads inacti-
vate by reversibly binding to the surface, or if soluble casein
stabilizes the secondary structure of kinesin, then adding
back soluble casein should rescue the motor activity. To
test this reversibility, the standard gliding assay was run,
the casein-containing microtubule solution was then
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replaced by casein-free microtubule solution, and finally, this
solution was replaced by normal casein-containing microtu-
bule solution. As seen in Fig. 8 b, the casein-free microtubule
solution resulted in a decrease of motor activity to 27% of
control, as expected, and washing back in the casein-contain-
ing solution brought the activity up to 52% of control.
Hence, the reduction in kinesin activity is reversible to
a degree, and a second cycle of casein-free and casein-con-
taining microtubule solution shows a similar rescue to
~50% of the initial level. The fact that the rescue of activity
is not fully reversible suggests that some motor heads may
irreversibly bind to the surface in the absence of soluble
casein. However, the reversibility implies that either most
motor heads bind reversibly to the casein monolayer or
that soluble casein may stabilize the secondary structure of
immobilized kinesin.

DISCUSSION

With the development of novel in vitro assays of protein
function and the push toward shrinking clinical tests down
to lab-on-a-chip dimensions, there is a growing need to
understand the mechanisms by which artificial surfaces
modulate the activity of adsorbed proteins. Understanding
the role that casein plays in maximizing the function of
surface-adsorbed kinesin is important because this assay is
a model for studying motor proteins in vitro. The robust
activity of surface-adsorbed kinesins and the avidity with
which they bind to silica and polystyrene surfaces has
enabled mechanical studies that exert piconewton-level
forces on these motors (46,47). Because the kinesin tail
domain is positively charged (the C-terminal 65 residues of
Drosophila conventional kinesin has a net charge of +9),
it has often been assumed that charge interactions mediate ki-
nesin tail binding to SiO, surfaces. By quantifying both the
functional activity of immobilized kinesin motors and the
adsorption profiles of motors and casein to surfaces, we
find that the picture is much more complex. QCM experi-
ments demonstrate that casein adsorbs to SiO, surfaces as
a tightly bound layer consistent with a monolayer of isolated
casein subunits, and in the presence of soluble casein,
a second, reversibly bound layer also adsorbs. This weakly
bound casein layer enhances binding of the kinesin tail
domain to the surface and inhibits the binding of the kinesin
head domains to the surface. Furthermore, the microtubule-
binding activity of surface-adsorbed kinesin can be revers-
ibly modulated by removing and replacing the reversibly
bound casein layer. The results presented here are interpreted
in the context of the model shown in Fig. 9.

Casein binds to SiO, surfaces as a tightly bound
and a reversibly bound layer

Although casein can take on many forms in solution, the
light scattering and electrophoresis data in Fig. 4 indicate
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that the filtered casein in BRB80 buffer generally used in
kinesin experiments exists as aggregates of predominantly
«- and (B-casein with a mean diameter of 16 nm. Three
decades of casein research has generated numerous models
and continuing debates regarding the structure of casein in
solution. No crystal structures are available for any of the
casein subunits, and to varying degrees the isolated subunits
are all thought to take on somewhat unstructured conforma-
tions in solution (21,24,33,48). In milk, casein forms micelles
that sequester calcium. One class of models describes the
micelle structure as a shell of «- and (-casein on the surface
with k-casein in the middle. A second class of models
describes the micelle as an aggregate of smaller (submicelle)
particles akin to a raspberry (20,21,25). For simplicity, we
refer to our 16-nm aggregates as submicelle particles, but
our experiments provide little fuel to ongoing debates
regarding the structure of native casein micelles in milk. We
do note that casein subunits, particularly $-casein, are known
to be amphipathic and have surfactant properties (33). In our
working model, it is these surfactant properties that both stabi-
lize the 16-nm casein micelles in solution and govern the
interactions between casein subunits and the surface.

From the casein binding data in Fig. 3 and Table 2, a model
for the interaction of casein with glass and SiO, surfaces
emerges. On a clean surface, casein binds up to a maximum
surface coverage of 380 ng/cmz, and, after extensive washing
with casein-free buffer, a surface monolayer of 279 ng/cm?
remains. This mass of this remaining casein is consistent
with rectangular packing of 3.8-nm spheres creating a tightly
bound monolayer of casein subunits on the surface. The
reversibly bound layer of casein has a mass of one-third of
the tightly bound casein layer and binds with a dissociation
constant of 500 nM. These results are in reasonable agreement
with results from Tiberg et al., who used neutron scattering to
measure adsorption of pure -casein to SiO, surfaces. In that
study, a 0.1 mg/mL solution of B-casein in Ca-free buffer
resulted in a surface coverage of 650 ng/cm?, and washing
with protein-free buffer decreased the adsorbed layer to
430 ng/cm? (33). Although the magnitudes of adsorbed casein
were different, the proportion of reversibly bound casein was
similar to our results. A related study by Nylander et al.
measured the adsorption of varying concentrations of
B-casein to hydrophobic surfaces in Ca-free buffer (48). In
0.1 mg/mL B-casein (~4 uM), 250 ng/cm? of protein adsorbed,
whereas at 0.01 mg/mL (-casein (~400 nM), ~220 ng/cm2
adsorbed; after wash with protein-free solution, 200 ng/cm2
remained in both cases. This reversibility is quantitatively
consistent with the 500 nM K, measured here for the reversible
binding of soluble casein to the tightly bound casein mono-
layer (Fig. 3 and Table 1). Marchesseau et al. used surface
plasmon resonance to measure the interactions between
soluble casein subunits and subunits adsorbed to hydro-
phobic surfaces and measured affinities between 233 nM
and 636 nM for «- and (-caseins, in good agreement with
our results (31).
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FIGURE 9 Proposed mechanism for the interaction of
casein, kinesin, and microtubules with SiO, surfaces. (a)
In solution, filtered casein exists as particles with mean
diameter of 16 nm and, on interaction with the surface,
dissociates into subunits that form a bilayer. Hydrophilic
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regions of the casein interact with the surface, and hydro-
phobic interactions stabilize interactions between the
reversibly bound layer and the tightly bound layer.
Removing the soluble casein results in dissociation of the
reversibly bound casein, leaving a tightly bound monolayer
on the surface. Note that the measured mass of the revers-
ibly bound casein layer was only one-third of the tightly
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bound layer; however, for clarity here it is shown as
a continuous layer. (b) In the absence of soluble casein,
kinesin tails do not bind to the surface, but in the presence
of soluble casein, the tails bind to the surface by interacting
with both the tightly bound casein layer and the reversibly
bound casein layer to form a tight interaction. Because of
these stabilizing interactions, washing out soluble casein
leaves both the tails and the associated subunits of revers-
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ibly bound casein on the surface. (¢) In the presence of
soluble casein, a casein bilayer blocks kinesin heads from
interacting with the surface, but when soluble casein is
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interaction is partially reversible, such that a wash step
causes a portion of the heads to dissociate from the surface.
(d) When adsorbed in the presence of soluble casein, kine-
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We hypothesize that the forces associated with surface
binding cause the 16-nm casein aggregates in solution to
dissociate into their constituent subunits, which then bind
tightly to the surface. The secondary, reversibly bound layer
of casein can be understood by positing that the association
forces governing reversible casein binding to the surface are
the same intersubunit interactions that hold casein aggregates
together in solution. One consequence of this model is that
the solvent-exposed surfaces of adsorbed casein are expected
to be quite different in protein-free solutions than in solutions
where soluble casein is present and the reversibly bound
secondary layer of casein can form. Our results support
and extend a model put forward by Verma et al. (23), based
on the amphipathic nature of casein (Fig. 9 a). If the hydro-
philic regions of casein (presumably found on the exterior of
casein submicelles) bind to glass and SiO, surfaces,
exposing the hydrophobic regions of casein, then a surface
that is pretreated with casein should have a hydrophobic
character. Soluble casein will then reversibly interact with
the exposed casein on the surface through hydrophobic inter-
actions, resulting in a hydrophilic casein bilayer in the pres-
ence of soluble casein in solution. Differences in the binding
of kinesin heads and tails to surfaces in the presence and
absence of casein are interpreted below in the context of
this casein bilayer model.

Wash in casein

sin binds to the surface through its tail domain, and the
heads are free to interact with microtubules. Washing out
the soluble casein results in the kinesin heads reversibly in-
teracting with the tightly bound casein monolayer, such
that reintroduction of soluble casein to form a bilayer
rescues kinesin function.

Kinesin heads and tails interact differently
with casein-coated surfaces

Although soluble casein had little effect on the adsorption of
full-length kinesin to casein-pretreated surfaces, truncated
kinesins had strikingly different adsorption properties in
the presence and absence of soluble casein: headless kinesin
adsorbed well only in the presence of casein, whereas tailless
kinesin adsorbed well only in the absence of soluble casein.
Taken together with the finding of a reversibly bound casein
layer, these results suggest that kinesin heads bind to the first
casein layer but not to the second casein layer, whereas kine-
sin tails bind to the second casein layer but not to the first
casein layer. However, this picture is clearly not complete,
particularly with regard to the tail domain. If kinesin tails
bind tightly to the second, reversibly bound casein layer,
then washing out the reversibly bound casein should displace
the tails from the surface. No such washout was observed in
Fig. 6 a, excluding this simple model. Verma et al. (23) sug-
gested a model in which kinesin tails bind to the tightly
bound casein monolayer on the surface, but this model is
unable to explain why binding of headless kinesin requires
soluble casein in solution. A third model holds that even in
the presence of bound casein on the surface, the kinesin
tail binds directly to the surface (49). This model is simple,
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and it is consistent with the ability of surface-adsorbed kine-
sin to withstand substantial mechanical forces. However, it
does not explain why soluble casein (which if anything
should block more of the surface) leads to enhanced kinesin
tail binding.

A fourth model that does account for the tail-binding data
is a cooperative model in which the kinesin tail interacts with
both the tightly bound and the reversibly bound casein layers
(Fig. 9 b). The paradigm for this type of cooperative binding
model is the binding of dimeric lambda repressor protein to
the operator site on lambda phage DNA, described in detail
by Ptashne (50). Monomeric repressor subunits have a low
affinity for DNA and a low affinity for one another, but if
they are at a sufficiently high concentration to dimerize,
then the interaction of the dimer with the operator DNA
involves the summed free energies of interaction of the
two subunits, resulting in a very high-affinity interaction.
The observation that at a concentration of 3.7 nM headless
kinesin, very little motor binds to the casein-coated surface
in the absence of soluble casein (Fig. 5 b) puts a lower limit
of ~100 nM for the Kp governing kinesin tail binding to
the tightly bound casein on the surface. Positing a 1000-
fold weaker association of the kinesin tail with soluble casein
(Kp = 100 uM) would mean that at the 9 uM (0.2 mg/mL)
concentration of soluble casein used in the assays, >90% of
the kinesin tail would be free and not bound to soluble casein
in solution. From AG = RT In(K) (where RT = 0.6 kcal/mol
and K is the equilibrium binding constant), the summed ener-
gies of kinesin binding to both the tightly and reversibly
bound casein layers would be 15 kcal/mol, corresponding
to a Kp of 10 pM. Although this approach ignores entropic
effects, which will reduce the affinity, and the individual
affinities may in fact be weaker than these estimates, this
model is quantitatively consistent with the data. Further-
more, the fact that the kinesin tail is a stable dimer makes
it reasonable to postulate that each tail domain is interacting
with a different casein layer, or, if the two forms of casein
interact with different regions of the tail domain, the dimer-
ization could further contribute to this summed free energies
effect.

Soluble casein enhances motor function
by blocking the interaction of kinesin heads
with the surface

In contrast to the behavior of the tail domain, kinesin heads
were effectively prevented from adsorbing to the surface
when the reversibly bound casein layer was present (Fig. 5 ¢).
This result provides a general mechanism for how casein
enhances motor activity: in the absence of casein the heads
bind to the surface and inactivate, but in the presence of casein
the heads do not bind, and only the tail binds (Fig. 9). If the
solvent-exposed surface of the kinesin head contains a region
of hydrophobic residues, then the energetics driving this
surface binding can be explained by hydrophobic interactions
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between the head domains and the hydrophobic casein
monolayer.

One question that is not easily resolved from the data is
whether the interaction of the kinesin heads with the tightly
bound casein monolayer is reversible. In the QCM experi-
ment in Fig. 6 b, tailless kinesin adsorbed to the casein-
treated surface in the absence of soluble casein, but washing
in soluble casein to establish a hydrophilic casein bilayer did
not displace the kinesin heads from the surface. In contrast,
the functional assays in Fig. 8 suggest that inactivation of the
kinesin heads (presumably through binding of the heads to
the surface) is in fact reversible. In particular, Fig. 8 a shows
that the activity of kinesin motors was enhanced to a greater
degree by including soluble casein during the microtubule-
binding step than during the motor adsorption step. Fig. 8 b
shows that the reduction in motor activity resulting from
removing soluble casein during the microtubule-gliding
experiment can be reversed by washing soluble casein
back into the flow cell. How can the QCM data and the
microtubule binding data be resolved? The data are consis-
tent with a model that includes both a reversible and
a time-dependent irreversible interaction of kinesin heads
with the tightly bound casein monolayer on the surface.
For instance, in the QCM result in Fig. 6 b, which includes
a 2-h adsorption step, washing out the free motors with
casein-free buffer (point 5) does cause desorption of ~20%
of the motors even though the subsequent introduction of
soluble casein does not result in any more motors being
washed off. This result suggests that in the QCM experiment
a portion of the adsorbed motors are reversibly bound.
Furthermore, the functional assays in Fig. 8 b show that,
although washing soluble casein back into the flow cell
does enhance motor activity, the microtubule landing rate
does not return to the same level as before the casein
washout. This result suggests that in the gliding assay
a portion of the motors are irreversibly inactivated by
removing the soluble casein.

A model that accounts for the bulk of the data is presented
in Fig. 9 d. In the absence of weakly bound casein, the heads
interact with the tightly bound casein monolayer, preventing
them from binding to microtubules. This is consistent with
the microtubule-binding data in Fig. 8 as well as with the
observed casein dependence of tailless kinesin binding in
Fig. 5. In contrast, in the presence of weakly bound casein,
tail binding is favored, and the motor heads are prevented
from interacting with the surface. This results in high micro-
tubule-binding activity of the surface-adsorbed motors. The
finding that this motor activity can be reversibly modulated
by adding and removing casein suggests that kinesin head
binding to the surface is reversible.

This model can explain two observations from the litera-
ture. Kim et al. found that in microtubule-gliding assays
carried out using the standard casein protocol, 10-30-fold
higher concentrations of tailless motors were required to
match the microtubule-gliding activity of full-length kinesin
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(51). The interpretation, based on our QCM experiments, is
that in the presence of a casein bilayer, kinesins with no tail
domain bind poorly to the surface and require much higher
concentrations to achieve proper adsorption. In a different
experiment, Huang et al. found that kinesin motors adsorbed
to hydrophobic silane-treated surfaces in the presence of
casein were completely inactive (12). The interpretation,
based on our model of casein binding, is that casein adsorbs
either poorly or in a different conformation on this hydro-
phobic surface, and the kinesin heads bind tightly to the
hydrophobic surface and inactivate.

Although the model presented in Fig. 9 accounts for all of
the experimental data in this study, the data cannot rule out
the possibility that soluble casein enhances kinesin activity
by acting as a chaperone and stabilizing the folding of the ki-
nesin motor domain. Similar to many chaperone proteins,
casein subunits are amphipathic, and a number of studies
have found that «- and (-casein prevent aggregation of
proteins such as alcohol dehydrogenase and insulin as well
as or better than other classical chaperones (27,28). The
presumed mechanism is that casein binds to hydrophobic
regions of these proteins and prevents the hydrophobic inter-
actions that lead to aggregation. If soluble casein subunits
bound to kinesin and prevented inactivating head-tail or
head-head interactions, this could lead to enhanced kinesin
activity in the presence of soluble casein. However, despite
reports of casein preventing protein aggregation, there are
no reports of casein enhancing functional activity of proteins,
and to become plausible this hypothesis requires consider-
able further experimentation.

CONCLUSIONS AND ONGOING QUESTIONS

Conventional kinesin serves as a model protein for under-
standing mechanochemistry at the molecular level, and it is
hoped that uncovering the details of how kinesin binds to
SiO, surfaces will provide a foundation for understanding
the interaction of other motors and functional enzymes with
engineered surfaces. These insights are important for devel-
oping functional assays and for developing future microscale
devices such as sensors that incorporate biological compo-
nents. Casein greatly enhances the functional activity of
kinesin in microtubule-gliding assays. From QCM measure-
ments, we demonstrate that casein binds to SiO, surfaces
both as an irreversibly bound monolayer and as a reversibly
bound second layer that has a magnitude one-third of the
tightly bound layer and has a Kp of 500 nM. In the absence
of this weakly bound casein layer, kinesin heads bind to
the surface, but kinesin tails do not bind. In the presence of
weakly bound casein, kinesin tails bind well to the surface,
but kinesin heads do not bind and remain free to interact
with microtubules. Because binding of the kinesin heads to
the tightly bound casein monolayer is reversible, it is impor-
tant to maintain casein in the solution to maximize the micro-
tubule-binding activity of surface-adsorbed casein.
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Although the datalead to alogical working model, anumber
of questions remain. What aspects of the motor heads and tails
(charge, hydrophobicity, conformation, etc.) determine the
interactions with casein-treated surfaces? Do the surfactant
properties of casein underlie its function, and, if so, might
other surfactants enhance motor activity to a similar or even
greater degree? How can these findings be extended to novel
motor proteins? Answering these questions should help the
development of reliable design rules for engineering surfaces
that maximize the activity of surface-bound proteins.
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