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Structural hysteresis and hierarchy in adsorbed glycoproteins
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The adsorption and desorption of the giant heavily glycosylated protein mucin from solutions of
different bulk concentrations have been followed at the nanometer scale using high resolution
molecular microscopy based on optical waveguide lightmode spectroscopy. Modeling the layer as a
uniaxial thin film allowed the in situ determination of adsorbed mass, mean layer thickness, and
structural anisotropy. These parameters manifest highly significant adsorption-desorption hysteresis,
indicating at least two dominant glycoprotein conformational types (i.e., molecular states,
structurally and kinetically distinguishable). One of them is proposed to be a conformationally
extended state that engenders uniaxial symmetry and dominates layers generated from low bulk
concentrations. The revealed structure and the mechanism by which it is formed are postulated to be
a general feature of the self-assembly of large glycoproteins. We expect that, inter alia, this
knowledge will be relevant for understanding the extraordinary effectiveness of mucin thin films as

boundary lubricants. © 2008 American Institute of Physics. [DOI: 10.1063/1.2968127]

Proteins are complex macromolecules with definite
structures and a small number of dominant degrees of
freedom.’ They typically exhibit two or more stable confor-
mational states separated by moderate energy barriers, and
therefore possess memory. In this respect they differ from
more regular, or more random, synthetic organic polymers.2
This attribute has been demonstrated in the context of the
adsorption of proteins at solid/liquid interfaces both
theoretically3 and experimentally.‘p6 Compact globular pro-
teins (such as the abundant soluble proteins of the blood,
e.g., albumin and transferrin) have been extensively investi-
gated for decades, and many features of their behavior are
understood; highly elongated fibrous proteins are known to
follow more complicated multistructural trajectories (e.g.,
Refs. 7 and 8), and not all details of their adsorption and
desorption processes have as yet been elucidated; even less is
presently known about an even more complex class of ob-
jects, giant glycoproteins such as mucin, which have only
recently become available in sufficiently high purity to per-
mit truly quantitative experimentation with them.

The mucin family of glycoproteins is ubiquitous within
living organisms, especially as a surface coating, where it
fulfils above all a role of lubricating surfaces rubbing against
each other.”"’ Although, like all proteins, the mucins have a
single unbranched polypeptide chain as a backbone, typically
50%-75% of their mass is constituted from oligosaccharides,
attached as numerous short branches along the polypeptide
backbone.

Optical waveguide lightmode spectroscopy''™* (OWLS)
has been extensively used to determine the kinetics of pro-
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tein monolayerg’12 and multilayer14 self-assembly, but the re-
sulting structures have typically been characterized solely by
the number of assembled objects per unit area and the areas
they occupy. Recent theoretical developments,]5 not previ-
ously exploited for the analysis of experimental data, in ana-
lyzing the results from OWLS measurements now enable the
kinetics of the development of optical anisotropy of the
structures being self-assembled to be measured, greatly ex-
tending the power of OWLS for characterizing self-assembly
processes. In particular, they allow the evolution of the mo-
lecular structure of thin films to be determined, since this is
directly related to the optical anisotropy. Moreover, OWLS is
a relatively simple and inexpensive technique and can be
used in situ during assembly processes taking place at room
temperature and pressure in aqueous media. Compared to
techniques that have hitherto been applied, such as neutron
diffraction,'® this greatly extends the scope of molecular
probing of biological relevance.

Mucin is known to display liquid -crystallinelike
behavior,17 from which it follows that adsorbed thin films are
very likely to be birefringent. Hence it seems to be essential
to properly consider the anisotropy of self-assembled mucin
thin films, unlike the “simple” protein layers that are merely
and sufficiently characterized by the number of adsorbed
molecules per unit area.

We have found that the evolution of the anisotropy of
thin films that are first self-assembled, and then partly disas-
sembled, shows a striking hysteresis, hitherto not reported
for any protein self-assembly process.

Our starting material was a commercial preparation of
porcine gastric mucin (“Orthana,” Denmark; molecular
weight estimated as 545 kDa), which was extensively dialy-
sed against ultrapure water (Elga) and stored as a lyophilized
powder before use. The polypeptide backbone of this mucin
is decorated by relatively short branched oligosaccharide
chains containing glucosamine and fructose residues (the

© 2008 American Institute of Physics
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“sparsely hyperbranched” structural categoryg) (overall, the
saccharide constitutes somewhat more than 50% of the mass
of the molecule, the rest being peptide).18 Solutions were
freshly made up in ultrapure water. Adsorption substrata
were thin (~170 nm) planar optical waveguides with a
roughness of less than 1 nm made from Si,Ti,_,0,, x=0.6)
incorporating a shallow (~5 nm) diffraction grating (2400
rulings/mm) (MicroVacuum, Budapest) for incoupling the
light. Before use, the waveguides were cleaned in chromic
acid, extensively rinsed in ultrapure water, then rinsed in a
2% aqueous solution of KOH, and again extensively rinsed
in ultrapure water. Following that, they were placed in a
hexamethyldisilazane (Sigma Aldrich) saturated environment
at 74 °C for 5 h,"” resulting in a dense hydrophobic layer of
short alkyl chains coating the waveguides.

A low-power linearly polarized helium-neon laser oper-
ating at wavelength A=632.8 nm was used to excite the
TM, and TE; waveguide modes in the waveguide via incou-
pling at the diffraction grating; the incoupling angles mea-
sured being used to determine the propagation constants (ef-
fective refractive indices) of the guided lightmodes.

The waveguides were mounted so as to form one wall of
a flow-through microcuvette through which the mucin solu-
tions could be made to flow, and the whole assembly
mounted on the ultraprecision goniometer of an OWLS-110
integrated optical scanner (MicroVacuum, Budapest)
equipped with a TC-80 Peltier-based temperature controller,
with which the incoupling angles were measured with micro-
radian precision, from which the propagation constants (ef-
fective refractive indices) of the guided modes were calcu-
lated. All experiments were carried out at 7=25.0 °C.

The adsorbed mucin molecules can be approximated as a
uniform thin film, since their thickness is much less than the
wavelength of the probe light.”” The film should not be as-
sumed to be isotropic, but can be supposed to be birefringent
and characterized optogeometrically by an average thickness
d, and ordinary and extraordinary refractive indices n, and
n,. Since we only have two experimentally measured param-
eters (the effective refractive indices of the TM, and TE,
lightmodes), we can only determine two unknown optogeo-
metrical parameters, whereas three are required. To over-
come this difficulty we constrained the average refractive
index?' of the glycoprotein layer,

(ny) = \r(2n(2)+n3)/3, (1)

to a value of 1.42.2 The four-layer mode equations, for
mode numbers m=0,1,2,.. .,15’23’24
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FIG. 1. (Color online) Plots of mucin film thickness d, against time during
adsorption from solutions of three different concentrations (from bottom to
top, 0.1%, 1%, 3%, and 10% w/w) (respectively, red, blue, green, and black
symbols) followed by (starting at the short vertical arrow) desorption during
laminar flow of ultrapure water. The arrows marked “ads.,” “des.1,” and
“des.2” indicate the different phases of the overall process described in the
text.

Ad =n§—nzc (N/n¢g)? + (N/)? - 1 Pd 3)
Pk n2 (Ning) + (N 1]

and
% = (1 = nging)/ (1 = ngin?), (4)

with p=0 and | for the TE and TM modes, respectively,
were then solved for m=0 together with Eq. (1) to yield n,,
n,, and d,. The value of the cover refractive index n. was
taken to be 1.331 263 throughout, corresponding to pure wa-
ter at 25.0 °C.

Figure 1 shows the evolution of d, thus calculated from
the data. Noteworthy is the fact that at long desorption times
all the curves converge, yet the peak (plateau) adsorbed
amounts increase with increasing bulk concentration up to
the highest value that could be measured.”” From these data
we infer that the mucin film consists of two qualitatively
different types of adsorbed molecule: (1) highly spread, pre-
sumably in an extended conformation making many contacts
with the adsorbent,26 and (2) random coil, with a conforma-
tion close to that of the bulk solution, these molecules being
merely somewhat entangled with the highly spread ones.
This has the corollary that the highly spread molecules,
which have necessarily a greater contact area with the sur-
face, desorb slowly (with stretched exponential kinetics as
described in Ref. 27), and the entangled ones desorb rather
rapidly. The rapid and slow desorption processes are clearly
distinguished from one another (indicated by “des.1” and
“des.2” on Fig. 1). Figure 2 plots the corresponding thick-
nesses associated with the two molecular states against bulk
concentration during adsorption. The thickness of 4 nm*® for
the highly spread molecules corresponds to that indepen-
dently inferred for a glycosylated polypeptide chain with an
extended, denatured configuration™ (it is the irreducible
thickness associated with the oligosaccharide side chains). In
its native conformation, mucin resembles a dumbbell, the
two knobs at the extremities (joined by the oligosaccharide-
decorated peptide backbone, which is itself 40-50 nm long)
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FIG. 2. (Color online) Plots of the thicknesses associated with the highly
spread molecules [— (red online), associated with des.2 in Fig. 1] and the
entangled molecules (*, associated with des.1) vs bulk concentration during
adsorption, derived from the kinetic data shown in Fig. 1.

being polypeptide globules about 20 nm in diameter.” The
thickness associated with the native, entangled molecules
(crosses on Fig. 2) lies within this value.

We now turn to the anisotropy. The ordinary and extraor-
dinary refractive indices of the adsorbed mucin film were
calculated using the mode equations (2). These are plotted in
Fig. 3 as their difference (the birefringence, n,—n,) against
the adsorbed mass M, calculated according to

M =d,((ny) —ne)l(dnide), (5)

where dn/dc is the refractive index increment, determined as
0.1375 cm?®/g at a wavelength of 633 nm for mucin in water
at 25.0 °C.*" These plots show dramatic hysteresis.

Several novel and important features are indeed apparent
from these results. First, there is the significant anisotropy of
the adsorbed glycoprotein films: they are birefringent even at
rather low surface coverages. Second, and most prominently,
there is highly significant adsorption-desorption hysteresis of
birefringence, which in itself confirms the existence of mul-
tiple glycoprotein conformations. The higher the bulk glyco-
protein concentration, the more prominent the hysteresis. It

0.08| des. 2 - 10% wiw]
o 3%ww
+ 1% wiw T

0.1% w/w

04 06 08
Mass / pg cm™

FIG. 3. (Color online) Plots of the birefringence (n,—n,) vs adsorbed mass
(M) for mucin adsorbed from bulk concentrations of (lower right moving
toward upper left for the adsorption phase) 10% (M), 3% (®), 1% (4)% and
0.1% (+) w/w (respectively, black, green, blue and red symbols). The cusp-
like feature of the extreme right of each curve (marked with the short thick
arrow for the 10% data) corresponds to the point at which mucin flow was
replaced by ultrapure water, i.e., when desorption commenced.
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is also apparent that if only a very small amount of adsorp-
tion is allowed to take place, by arresting the flow of glyco-
protein and replacing it by a flow of ultrapure water well
before the layer is saturated (as shown for a mucin concen-
tration of 0.1%), no hysteresis is observed. Furthermore, it is
highly revealing that the birefringence very significantly in-
creases during the desorption process, most prominently dur-
ing the desorption following adsorption from the highest
bulk glycoprotein concentration, before declining back to
zero, or even becoming slightly negative (note that the un-
certainties become large at low surface coverages), just be-
fore the mucin molecules are finally entirely removed from
the adsorbent surface.

This behavior is qualitatively different from that previ-
ously observed with structurally simpler proteins. Our inter-
pretation of these curves is as follows. The mucin molecules
that first arrive at the initially unoccupied solid/liquid inter-
face independently make multiple weak bonds with the sur-
face (hence the molecule as a whole is quite strongly bound)
and adopt a spread (extended) conformation,”® which we de-
note as adsorbed type S. We propose that this mode gives
rise to the uniaxial anisotropy (note that n,>n,, convention-
ally called negative birefringence, indicates layering of the
molecules parallel to the interface™). Molecules arriving
later under locally crowded conditions (i.e., at patches of the
surface already at least partly occupied by spread molecules)
do not have space to spread and are thus relatively weakly
bound to the surface by a small patch (and possibly also
weakly entangled with proteins in adsorbed mode S): we
denote them as adsorbed type U (unspread), presumed to be
isotropic. Molecular spreading is a relatively slow process
(cf. Ref. 4), hence the lower the bulk mucin concentration
(and hence the longer the intervals between consecutively
arriving molecules), the greater the difference between the
two modes of adsorption, and hence the faster the anisotropy
grows with surface coverage (Fig. 3). As the bulk concentra-
tion increases, however, not only do molecules arrive at the
surface in each other’s vicinity with ever shorter intervals,
and therefore occupy space without finding time to spread
and develop anisotropy, but they also will increasingly be
somewhat entangled with their congeners in solution (the
semientangled regime) and may be only partially disen-
tangled when they arrive at the surface. However, there is no
evidence that entanglement with molecules of adsorbed type
U results in the formation of an additional layer.

Sudden dilution of the system (such as occurs upon mak-
ing ultrapure water flow through the microcuvette) initially
removes the weakly entangled molecules only.:‘s3 In the case
of adsorption from the highest bulk concentration, these mol-
ecules make up the majority of the adsorbed film (type U).
The removal of some of them creates space at the surface for
those initially remaining, which then spread into an extended
conformation (cf. Ref. 7), thus becoming transformed into
type S and increasing the birefringence. The hysteresis loops
show maximum birefringence (Fig. 3) precisely at the point
when this process is concluded. As the spread molecules are
themselves then slowly removed, the birefringence also
slowly drops toward zero (the birefringence of a very sparse
film is, in fact, indeterminate) with the stretched exponential
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kinetics previously observed.”” The higher the bulk mucin
concentration (and hence the greater the population of type U
at the surface, able to convert to type S), the greater is the
growth of birefringence during desorption. It is apparent
from Fig. 1 that desorption from the layers assembled from
the two highest bulk mucin concentrations is slightly slower
for the first few tens of seconds than later, possibly suggest-
ing the existence of a third molecular state, possibly one that
is slightly more entangled with other adsorbed molecules.
Note that the mucin-water system is very favorable for ob-
serving these effects, not least because both adsorption and
desorption occur on accessible time scales.

Thin films assembled from objects of order of 10 nm in
size can and often have been modeled as homogeneous, iso-
tropic films characterized by a geometric thickness and a
single refractive index.”® Such a model fails to describe thin
films assembled from the glycoprotein mucin in solution,
however. Modeling the films as uniaxially anisotropic re-
veals two principal molecular states whose interplay governs
the structure of the film formed under a given set of condi-
tions. This kind of structure and the mechanism by which it
is formed—initial adsorption from a low bulk concentration
in an extended conformation, but predominantly in a com-
pact conformation from a high bulk concentration, convert-
ing to the extended conformation when some of the mol-
ecules are allowed to desorb—could be, we propose, a
general feature of the self-assembly of large glycoproteins.

Inter alia, we expect that this knowledge will be highly
relevant for understanding the extraordinary effectiveness of
mucin as a boundary lubricant. Although mucin is an amaz-
ingly ubiquitous natural lubricant, it by no means follows
that it is adapted to lubricating artificial implants that share a
common environment with the remaining natural compo-
nents of a joint that has undergone repair. It is therefore very
important to understand the principles of mucin lubrication
and the molecular level, not least in order to be able to de-
sign better biomimetic surfaces for artificial implants, in or-
der to make them fully biocompatible. The approach that we
have developed in this paper is generally valid for under-
standing the richness of behavior that might be expected for
a great variety of complex glycoproteins, which are just be-
ginning to be isolated from living systems and investigated
in molecular detail.
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