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Kinetic evidence for protein clustering at a surface
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The molecules designated 1A2 and 2B4 belong to the cytochrome P450 protein superfamily.
They can interact speci6cally with lipid bilayers via the penetration of part of their amino acid
chains into the bilayer. The kinetics of their irreversible adsorption from solution to phospholipid
bilayers, accurately measured in the low to intermediate coverage range using an integrated optics
re6ectance technique, difFer signi6cantly: at intermediate bulk solution concentrations, 2B4 shows
typical random sequential adsorption (RSA) kinetics, whereas 1A2 shows Langmuir kinetics. At
higher bulk concentration the behavior of 1A2 switches to RSA kinetics, and at very low concen-
trations 2B4 switches to Langmuir kinetics. The Langmuir kinetics provides strong evidence for
clustering of the molecules at the bilayer surface, and the observed concentration dependence of the
kinetics is consistent with the clusters arising through lateral difFusion of the proteins on the surface.

PACS number(s): 87.22.—q, 68.10.Jy, 82.65.—i, 81.15.Lm

I. INTRODUCTION

The study of the adsorption of particles at surfaces,
a phenomenon ubiquitous in nature, has received strong
impetus with the realization that the random sequential
adsorption (RSA) model [1,2] provides a good basis for
describing the process. This model is simple enough to
be amenable to calculations (complete analytical solu-
tions are available for the one-dimensional case [3]), and
a particularly favorable aspect of its application to prob-
lems is the fortuitious mutual cancellation of corrections
taking diffusion and hydrodynamic interactions into ac-
count [4]. Good approximate expressions are available for
the kinetics of adsorption in the low to intermediate cov-
erage range (up to 8 = 0.3) [5,6] and for the asymptotic
range (8 ) 0.4) [7,8]. They apply to rigid, incompress-
ible hard discs adsorbing irreversibly at a planar surface.
Expressions have also been derived for RSA extended by
permitting desorption &om the surface and diffusion on
the surface [9].

Such has been the rate of progress in the theory that
experiment is lagging behind, mainly due to a dearth of
techniques capable of providing data accurate enough to
compare with predictions, and the perennial difhculty of
preparing well characterized systems. With the advent
of some new techniques, this situation is now changing
[10,11]; regarding the choice of particles, proteins have
long been regarded with favor because of their unifor-
mity and characterization down to the atomic level, both
chemically and structurally. Proteins are far kom be-
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ing isotropic spheres, however, and may interact specifi-
cally with each other and certain types of surface. The
P450 proteins are believed to be oblate ellipsoids of rev-
olution, possessing in addition a small tail of nonpolar
amino acids which protrudes &om the main body and
interacts specifically with phospholipid bilayers (Fig. 1).

In this paper we report experimental results for the
adsorption of two forms of cytochrome P450, lA2, and
284. These proteins are completely characterized with
respect to their amino acid sequence [12], and are avail-
able in highly puri6ed form. As an adsorbing surface,
we use a lipid bilayer. This is the natural surface with
which these proteins interact in living cells. By prepar-
ing bilayers on a planar support by the sequential assem-
bly of ordered monolayers using a combination of the
Langmuir-Blodgett and Langmuir-Schaefer techniques,
reproducible, well characterized, and uniform surfaces
can be procured. A further advantage of this system
is that some independent information on the topology of
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FIG. 1. Sketch of the topology of the interaction of P450
with bilayer lipid membranes. The digits mark the beginning
(¹erminal, 1) and end (29 or 21 for 1A2 or 2B4, respec-
tively, numbering the amino acids sequentially) of the nonpo-
lar amino acid tail (see Fig. 2).
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Qytochrome P450 1A2 (N-terminal tail):

29
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Cytochrome P450 2B4 (N-terminal tail):

21
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FIG. 2. Membrane-penetrating tail sequences of 1A2 and
2B4. Note that all the amino acids except glutamic acid (E)
are nonpolar (hydrophobic), and that Z is negatively charged
under the salt and pH conditions of the experiments. The
rest of each molecule comprises 486 and 470 amino acids for
1A2 and 2B4, respectively [15].

the protein-bilayer interaction has recently been obtained
[13,14]: the protein is anchored to the surface by a short
sequence of mainly nonpolar (hydrophobic) amino acids
at one end on the chain, which is deeply embedded in
the bilayer and may even penetrate it (Fig. 1). The two
proteins investigated diff'er in the length and sequence of
this tail (Fig. 2). In both, only one polar amino acid,
glutamic acid (E) is present, and is expected to be neg-
atively charged under the conditions of the experiment.
VFe have found that the two proteins show striking dif-
ferences in their adsorption behavior.

difFraction grating (A = 416.15 nm) were obtained
from Artificial Sensing Instruments, Zurich, Switzer-
land and coated with a bilayer of dioleoylphosphatidyl-
choline (DOPC) using standard Langmuir-Blodgett and
Langmuir-Schaefer techniques as described previously
[16]. A small Sow-through cuvette was clamped over
the grating region such that it formed one wall of the
cuvette, through which solutions could Bow. The Bow
rate X (in the range 1.6—2.1 mms/s) was measured for
each run by weighing the amount of liquid that Bowed
through the cuvette during a given time interval. NTE
and NTM (corresponding to the zeroth order transverse
electric and transverse magnetic modes) were determined
using an IOS—1 automatic scanning goniometer (Artifi-
cial Sensing Instruments, Zurich, Switzerland) capable of
an angular resolution of 1.25 p,rad.

At the beginning of an experiment, N was measured
with pure bufFer Sowing through the cuvette. Following
the establishment of a stable baseline, the Bowing burr
solution was replaced by Bowing protein solution until
the rate of deposition had markedly slowed down (log-log
plots showed that a plateau was being approached). Fi-
nally the protein solution was replaced by Sowing buffer
solution; the fraction of adsorbed material removed never
exceeded 9% . We assume this desorbed material to con-
sist of proteins that were not properly attached to the
lipid bilayer, but weakly associated with proteins already
attached, and neglect it in our analysis. The temperature
of the measuring chamber was 25.2 + 0.2 C.

The protein adlayer is formally characterized by its ge-
ometrical thickness dA and isotropic refractive index nA
[10,11], which can be obtained from the measured NTE
and NTM by simultaneously solving the corresponding
mode equations [20,10,11]. dh and nh can be combined
to yield the number v of adsorbed molecules per unit area
[10,11]:

II. EXPERIMENT dh(nh —nc)
m(dn/dc)

(2)

In order to be able to calculate accurately the num-
ber of adsorbed molecules, a planar optical waveguide
was used as the adsorbing surface. The presence of a
thin adlayer A at the waveguide-solution interface mod-
ifies the Fresnel reBexion coefficients for the interface
[17] and, hence, the mode spectrum of the waveguide
[10,11,18,19]. By repeatedly measuring the mode eigen-
values N, the evolution of the adlayer (consisting of ad-
sorbed protein molecules) can be followed. An exter-
nal light beam (wavelength A) incident with an angle rr

onto a difFraction grating (period A) incorporated into
the waveguide is coupled into the waveguide provided
the following condition is satisfied [18,20]:

N = nsinrr + EA/A,

where n is the refractive index of air and 8 the diHrac-
tion order. Hence the mode spectr»m can be recorded
with photodiodes situated at the ends of the waveguide
to measure the intensity of the incoupled light as o. is
varied.

Sx(Tt)02 wavegtudes (type 2400) xncorporatxng a

where nc (= 1.332 742) is the refractive index of the aque-
ous cover (i.e., the buffer in which the proteins are dis-
solved), and m the mass of a single protein molecule,
equal to 9.38 x 10 and 9.78 x 10 g for 1A2 and
2B4, respectively [21]. The value of the coefficient dn/dc
was determined for the related protein cytochrome b5
(which was available in larger quantities than lA2 and
2B4) with an LI3 Rayleigh interferometer (Zeiss, Jena,
Germany) as 0.163 cms/g. The uncertainty in v was
+10 molecules pm

Proteins. Cytochrome P450 1A2 and 284 were pu-
rified to electrophoretic homogeneity from the liver
microsomes of New Zealand rabbits treated with 3-
methylcholanthrene (for 1A2) or phenobarbital (for 2B4)
by the methods of Imai et oL [22] and Karuzina et ot
[23], respectively.

Iipids and other reagents. Synthetic DOPC was pur-
chased from Avanti Polar Lipids, Alabaster, AL. The
buffer (pH 7.2) was 0.01 M N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid (Sigma Chemical Co.)—NaOH
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(analytical grade) plus 0.1 M NaC1 in "Nanopure" (Barn-
stead, Dubuque, IO) water.

III. RESULTS AND DISCUSSION

The flux F to an empty surface is given by [24,10]

F = cs(2Ds/3) i [X/(xRA)]'i

where D3 is the translational diffusion coefBcient in so-
lutioa and cg the bulk protein concentration, which was
accurately determined from the absorption spectrum of
protein solution reduced with sodium dithionite in the
presence of carbon monoxide using an extinction coef-
ficient of 91 mM cm for the difference between the
maximum absorption in the 450 nm region and at 490 nm
[25]. z, R, and A are the dimensions of the How-through
cuvette: distance x from the inlet pipe to the measuring
spot = 3.5 mm; radius R = 1 mm; and cross-sectional
area A = 1.7 mm2.

If the proteins were to attach themselves to the mem-
brane and immobilize themselves, then the simple RSA
model would apply, according to which the rate of depo-
sition is

bilayer preseats a continu»m to protein adsorption, this
behavior can only arise if the adsorbed molecules are
grouped together in large, compact clusters such that the
excluded area is a negligible fraction of 0. By increasing
the bulk solution concentration of 1A2, we found the be-
havior switched from Langmuir to RSA. Conversely, by
decreasing the coacentration of 2B4, we observed a switch
from RSA to Langmuir kinetics. Were the clustering to
arise by molecules attaching with high probability when-
ever they landed on the surface contiguous to (touching)
an already adsorbed molecule, and with low probabil-
ity elsewhere, we would expect the shape of the kinetic
curve to be independent of bulk concentration. Hence,
the pathway to clustering appears to be via diffusion on
the surface. Surface rearrangement leadiag to cluster-
ing cannot take place faster than surface diffusion, and
will take longer if not every collision between adsorbed
molecules leads to a cluster.

The characteristic time for rearranging the surface by
lateral diffusion is w~ = 1/(Dqv), where D2 is the lateral
diffusion coefBcient. The equivalent time for adsorption
from the bulk is 7 = I/( Jcsga). Present measurements
for D2 of proteins adsorbed to a lipid bilayer in the liquid-
crystalline phase, are 10 @ cm2/s [27], i.e., somewhat
lower than values reported for the lipid molecules them-
selves ( 10 s cm2/s) [28]. Furthermore, the coefficient
D2 will depend on e according to [29]

dv/dt = Jcbg, (4)
D, = D,"' exp[-~(4+ ~)( —~(2+ ~)('],

where J = F/cs is the specific flux per unit bulk con-
centration and P the available area function which takes
into account the areas excluded from further absorption
by proteins already adsorbed. Up to a surface coverage
e —0.3, P is well approximated by the following polyno-
mial [5,6]:

where D2 is the coeKcient for an infinitely dilute sys-
tem, y is a constant for a given type of particle and es-
timated at 0.3 for the P450 proteins, and ( = e/(1+ 9)
(this equation assiimes that the particles are randomly
distributed rather than clustered). These times w and
rd may be compared using a parameter t,

" introduced by
Tarjus et aL [9] and defined as

4 = 1 —48+ 8'+ b8',6 3 2
(5)

where b = 1.406 88 and 8 and v are related by

8= va, (6)

a being the area per adsorbed molecule. Globular pro-
teins adsorbing irreversibly and immoveably onto smooth
miaeral surfaces show excellent agreement with RSA ki-
netics [26]. If the surface configuration of particles is in
equilibrium, maintained through the particles being mo-
bile at the surface [6] or being able to desorb [9], the
coefficient b in Eq. (5) equals 2.4243 [6].

Plotting the experimental data as dv/dt vs v (Fig. 3),
we observed that at the same molar concentrations 284
(x) shows the characteristic curvature of RSA [Eqs. (4)
and (5)], whereas lA2 (U) yields a straight line given by
(4) and the Langmuir expression

0
0 4

& (lQ lcm )

I ma*

8

that is, the eatire unoccupied area of the surface is avail-
able for the adsorption of fresh particles. Since the lipid

FIG. 3. Plots of du/dt vs v. ~, 1A2, 3 pM; Cl, 1A2, 0.3
pM; x, 2B4, 0.3 pM; +, 2B4, 0.0045 pM (ordinate values
multiplied by 20 to make them visible on the given scale).
Solid lines: fitted data (see Table I for parameter values).
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TABLE I. Parameters derived &om Btting experimental data to RSA or Langmuir kinet ics.

Protein

1A2
1A2
2B4
2B4

Cg

(nmol cm )
0.3
3.0

0.0045
0.3

(mm s )
2.0
1.6
1.8
2.1

Ds(cm s ) [

4.0 x 10
2.6 x 10
2 x 10

5.5 x 10

a(nm')
[

14.2
5.6
24
9.2

model

Langmuir
RSA

Langmuir
RSA

0.7
0.2
0.9
0.2

Jcbga )=1 1+
7'~ + 7s ( D2V

(9)

Ir„gy T r p i ls

3q E6m2m
(10)

where g is the viscosity of the solution (8.9 x 10 4 N
s/m2) and p the protein density, for which we take a value
of 1.35 g/cms [30]. This calculation yields Ds 10
cm /s. Taking P/v = 10 cm /nmol and (a) = 13 nm
we find that with cb = 0.3 nmol/cms and D2 ——10
cm2/s, ( 0.7. This corresponds to the Langmuir ki-
netics observed with 1A2 (g -+ 1). Increasing cb ten-
fold while leaving the remaining parameters unchanged

For a pure RSA process with no surface diffusion, ('

0; as surface diffusion becomes more important, ( ap-
proaches unity. The inverse dependence of ( on cb pro-
vides the easiest way to vary (. Hence, we increased the
concentration of 1A2 tenfold. The result, also shown in
Fig. 3 (0) is an RSA curve. Decreasing the concentration
of 2B4 tenfold still resulted in RSA behavior; decreasing
it sixtyfold (Fig. 3, +) resulted in Langmuir behavior.

Data were fitted to either (4), (5), and (6) using J and
a as fitting parameters, or to (4), (6), and (7), where
J and a are given by the intercepts. Parameter values
are given in Table I. Since, according to (3), all the pa-

rameterss

determining J except D3 are known, D3 was
calculated using (3) from the fitted values of J.

To estimate ( from (9) and (3) we first have to de-
termine J. For this we used the following parameters:
(E) = 1.9 mms/s and z, R, and A as given above. Ds
does not appear to have been experimentally determined
before; we estimate it &om the Stokes-Einstein relation,

gives ( 0.2, corresponding to the observed RSA kinet-
ics (( -+ 0). To obtain the same value of ( at cb = 0.3,
corresponding to the RSA kinetics observed with 2B4
at this concentration, we need to put D2 —10 ii cm2/s.
Decreasing cb to 0.0045 nmol/cm then results in ( 0.9.
These values are summarized in Table I.

Therefore, it appears that a roughly tenfold difference,
in either the coefficients of lateral diffusion of 1A2 and
2B4 or the probabilities that a collision between two ad-
sorbed molecules difFusing laterally leads to attachment,
is sufficient to account for the observed kinetics. The dif-
ference must have its origin in the diH'ering amino acid
sequences of the two proteins, which might have been
thought to be trivial. We are presently rather far &om
being able to predict the consequences of such small dif-
ferences.

It should be noted that the Langmuir kinetics consis-
tently yield bigger values of a compared with the RSA
kinetics, iinplying some area-increasing conformational
changes upon clustering. Some conformational change
has previously been observed upon incorporation of the
protein into the lipid bilayer [31]. Also, the behavior of
1A2 deposited &om high bulk concentration at the high-
est coverages measured does not follow RSA kinetics very
well; the observed deviation may indicate that an ordered
configuration has formed [9].
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