
Biochimica et Biophysica Acta 1859 (2017) 959–965

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbamem
Accumulation of phosphatidylcholine on gut mucosal surface is not
dominated by electrostatic interactions
Agatha Korytowski a, Wasim Abuillan a, Federico Amadei a, Ali Makky a,1, Andrea Gumiero b, Irmgard Sinning b,
Annika Gauss c, Wolfgang Stremmel c,⁎, Motomu Tanaka a,d,⁎⁎
a Physical Chemistry of Biosystems, Institute of Physical Chemistry, Heidelberg University, D69120 Heidelberg, Germany
b Heidelberg University Biochemistry Center (BZH), D69120 Heidelberg, Germany
c Department of Internal Medicine IV, University Clinics of Heidelberg, D69120 Heidelberg, Germany
d Institute for Integrated Cell-Material Science (WPI iCeMS), Kyoto University, 606-8501 Kyoto, Japan
⁎ Corresponding author.
⁎⁎ Correspondence to: M. Tanaka, Physical Chemistry of
Chemistry, Heidelberg University, D69120 Heidelberg, Ge

E-mail addresses: Wolfgang.Stremmel@med.uni-heide
tanaka@uni-heidelberg.de (M. Tanaka).

1 Present address: CNRS UMR 8612, Institut Galien Par
rue J.B. Clément, 92296 Châtenay-Malabry, France.

http://dx.doi.org/10.1016/j.bbamem.2017.02.008
0005-2736/© 2017 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 18 August 2016
Received in revised form 19 January 2017
Accepted 11 February 2017
Available online 15 February 2017
The accumulation of phosphatidylcholine (PC) in the intestinal mucus layer is crucial for the protection of colon
epithelia from the bacterial attack. It has been reported that the depletion of PC is a distinct feature of ulcerative
colitis. Herewe addressed the question how PC interacts with its binding proteins, themucins, whichmay estab-
lish the hydrophobic barrier against colonic microbiota. In the first step, the interactions of
dioleoylphosphatidylcholine (DOPC) with two mucin preparations from porcine stomach, have been studied
using dynamic light scattering, zeta potential measurement, and Langmuir isotherms, suggesting that mucin
binds to the surface of DOPC vesicles. The enthalpy of mucin-PC interaction could be determined by isothermal
titration calorimetry. The high affinity to PC found for bothmucin types seems reasonable, as theymainly consist
of mucin 2, a major constituent of the flowing mucus. Moreover, by the systematic variation of net charges, we
concluded that the zwitterionic DOPC has the strongest binding affinity that cannot be explainedwithin the elec-
trostatic interactions between charged molecules.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The colonic lumen contains a large amount of bacteria that amounts
to one trillion per gram of stool, colonic epithelial cells are protected
from attack by the huge bacterial load by a mucus layer [1]. The protec-
tive mucus scaffolds consist of a family of highly glycosylated proteins,
mucins [2]. The main intestinal secretory protein, mucin 2, is secreted
by goblet cells [3] but enterocytes express transmembrane mucins 3,
12, 13 and 17 in the vicinity of apical tight junctions [2,4]. A mounting
evidence suggested that the protective function of mucus against the
bacterial invasion is established by phospholipids [5]. Phosphatidylcho-
line (PC) and lyso-phosphatidylcholine (lyso-PC) share more than 90%
of the phospholipids within the intestinal mucus [6], suggesting that
PC/lyso-PC are either selectively transported or bound to this
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compartment. Since goblet cells secreting mucin do not store phospho-
lipids, a separate PC secretion route is postulated. A recent study
unraveled that the selective transport of PC/lyso-PC is mediated via
paracellular transport through tight junction to the apical side [7].

There have been several reports suggesting that the depletion of
phospholipid coating and thus the disruption of mucosal barrier has
been suggested as underlying cause of disease, such as ulcerative colitis
[8]. For example, the colon intestine surface of rats orally treated with
detergents exhibited a decrease in bothwater contact angles and barrier
capability against dextran sodium sulfate [5]. Actually, in human ulcer-
ative colitis, PC and lyso-PC molecules in the intestinal mucus are re-
duced by 70% [6,8]. From the very simple viewpoint of interfacial free
energy, it is plausible that the mucus layer and wet lumen or biofilms
should be interfaced by the formation of a lipid bilayer, while themuco-
sal layer in contact with the dry (ambient) atmosphere should be stabi-
lized by a lipid monolayer (Scheme 1).

In this study, we shed light on the mechanism how PC/lyso-PC mol-
ecules are selectively accumulated on mucus surfaces, where a barrier
against colonic microbiota is generated. To address this question, we
studied the interactions of lipids and two mucin preparations from the
flowing mucus, whose main constituent is mucin 2. The systematic

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbamem.2017.02.008&domain=pdf
http://dx.doi.org/10.1016/j.bbamem.2017.02.008
mailto:tanaka@uni-heidelberg.de
Journal logo
http://dx.doi.org/10.1016/j.bbamem.2017.02.008
http://www.sciencedirect.com/science/journal/00052736
www.elsevier.com/locate/bbamem


mucus layer

enterocyte goblet celltight

junction

PC

lyso-PC

paracellular

transport

Wet Lumen 

Biofilms

Ambient

Atmosphere mucus

surface

Scheme 1. Transport of phospholipid through the tight junction in colon epithelia (goblet cells, enterocytes) and accumulation to themucus layer surface. Establishment of the protection
layer by amphiphilic lipids can be evidenced by simple contact angle measurements. The explant from rat colon epithelial tissue pre-treated with water (left) showed a very low contact
angle (θ b 20°), suggesting the protection by a lipid bilayer in contactwithwet lumenor biofilms. On the other hand, the same tissue exposed to an ambient atmosphere (right) exhibited a
much higher contact angle (θ ~ 70°), implying the formation of a lipid monolayer.
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combination of several experimental techniques unraveled themolecu-
lar parameters that dictate the significance of lipid-mucin interactions.

2. Experimental section

2.1. Materials

Deionizedwater from aMilli-Q device (Millipore,Molsheim, France)
was used throughout this study. In this study we used two types of
mucin products from porcine stomach (Sigma-Aldrich, Munich, Germa-
ny): mucin type II (MS2378) is a crude preparation of mucin, while
mucin type III (M1778) is a partially purified preparation following
the previously reported protocol [9]. It should be noted that the nomen-
clature, following that of the manufacturer, has no correlation with
mucin 2 and mucin 3. As the unidentified impurities would influence
some of the results, we confirmed the reproducibility of the results by
repeating experiments using samples from two different batches. Chlo-
roform solutions of lipids were purchased from Avanti Polar Lipids (AL,
USA) throughout this study. As the lipid model, we used four lipids that
possess identical hydrocarbon chains but different head groups:: DOPC
(1,2-dioleoyl-sn-glycero-3-phosphocholine) and DOPE (1,2-dioleoyl-
sn-glycero-3–phosphoethanolamine) as zwitterionic (±), DOTAP (1,2-
dioleoyl-3-trimethylammonium-propane) as cationic (+), and DOPG
(1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol)) as anionic (−)
lipids. Unless stated otherwise, all other chemicals were purchased ei-
ther from Sigma-Aldrich (Munich, Germany) or Carl Roth (Karlsruhe,
Germany), and were used without further purification. As the buffer,
HEPES buffered saline containing 150 mM NaCl, 10 mM HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid), and 0.1mMethylene-
diaminetetraacetic acid (EDTA) adjusted to pH 7.4was used throughout
this study.

The following static light scattering, dynamic light scattering and
zeta potential measurements were performed in HEPES buffer using a
Malvern Zetasizer Nano ZS (Malvern Instruments Ltd., UK) equipped
with aHe-Ne laserwith awavelength of 632.8 nmwith a backscattering
geometry at a constant scattering angle of 173°. Values for viscosity, re-
fractive index and dielectric constant of HEPES buffer were chosen from
themanufacturer's database (viscosity 1.0021 cP, refractive index 1.330
and relative dielectric constant 80.4). A refractive index of 1.45wasused
for mucin proteins.

2.2. Static Light Scattering (SLS)

A 800 μL portion of mucin solution was filled in a square glass cu-
vette, and the scattering intensity from different concentrations was
measured. The SLS measurements were repeated 6 times each
consisting of 10 runs with a single run duration of 10 s. A refractive
index increment of 0.1 mL/g was used for mucin solution.

2.3. Surface activity

Critical aggregation concentration (c*) of mucinwas calculated from
the surface tension of 60 μL suspensions (concentrations: 20 μg/mL–
10 mg/mL) using a Kibron Micro TroughX (Kibron Inc., Espoo, Finland).
Each data point corresponds to a mean value of at least three indepen-
dent measurements.

2.4. Dynamic Light Scattering (DLS)

A100 μL portion ofmucin solution (10mg/mL)was added to a 300 μL
portion of vesicle suspension (1 mM), prepared by extrusion through a
polycarbonate membrane with a pore size of 100 nm (Avestin, Mann-
heim, Germany). As the apparent molecular weight of mucin obtained
from SLS does not correspond to the native one due to the preparation
protocols (Footnote: information from the manufacturer), the weight
concentration of mucin was kept constant to compare mucin type II
and mucin type III. DLS experiments were carried out at 25°C. DLS mea-
surements on pure mucin were repeated 3 times each consisting of 100
to 500 runs with a single run duration of 30 s while that on mucin and
vesicle suspensions were repeated more than 5 times with a single run
duration of 60 s. The raw data were analyzed as distribution by intensity
with Igor PRO (WaveMetrics, Portland, USA) software using a log-nor-
mal function f(x,K)=K0+K1∗ exp−[ln(x/K2)/K3]2 yielding the position
of the maximum from K2 and the full width at half maximum (FWHM)
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from K3, where K0 is the offset and K1 is the weight. To monitor the
change in the multiple population including small protein particles, we
also monitored the size distribution normalized by number, too.
2.5. Zeta potential

After a short equilibration time (2 min) at 20 °C, the sample in a
folded capillary cellwas subjected to themeasurement under a constant
voltage (150 mV). Zeta potential measurements were repeated 3 times
each consisting of 100 to 500 runswith a single run duration of 30 s. The
zeta potential ζwas analyzed according the the Smoluchowski equation
[10] using the software provided by the manufacturer: ζ = μηε−1,
where μ is experimentally determined electrophoretic mobility, η vis-
cosity and ε dielectric constant.
2.6. Langmuir isotherms

Pressure-area isotherms were recorded with a Langmuir film bal-
ance (KSV, Helsinki). The lipid stock solution (1 mg/mL in CHCl3) was
spread on the buffer subphase. After the evaporation of the solvent
(10min), themucin solution (0.5mg/mL)was injected under the barri-
er. After 1 h, the filmwas compressed at a constant speed of 1–10Å2 per
molecule per minute.
2.7. Isothermal titration calorimetry

The thermodynamic parameters of lipid-mucin interactions were
measured at 25 °C using a MicroCal VP-ITC (Malvern, United Kingdom)
after the calibrationwith 0.1mMCaCl2 (syringe) and 1mMEDTA (sam-
ple cell). The concentrations of lipid suspensions and mucin solutions
were 50 μM and 10 mg/mL, respectively. As concentrated solutions of
mucin were highly viscous, vesicle suspensions were injected into the
sample cell filledwithmucin. The data were analyzedwith the software
provided by the manufacturer.
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Fig. 1. Determination of the molecular weight of (a) mucin type II and (b) mucin type III fro
measured at different concentrations.
3. Results and discussion

3.1. Basic characterization of mucin in solution

Fig. 1a and b represents the so-called Zimm plot:

KC
R θð Þ ¼

1
MwP θð Þ þ 2A2C

where K is constant, C concentration of the scattering particle, R(θ) form
factor (Rayleigh ratio), P(θ) structure factor, and A2 second virial coeffi-
cient. As the slope of a Zimm plot and thus the second virial coefficient
reflects the relative significance of particle-particle vs. particle-solvent
interactions, the positive slopes obtained from bothmucin preparations
imply that the solutions of both mucin preparations are stable. The ap-
parent molecular weight of mucin type II determined by SLS was
found to be more than 10 times larger than that of mucin type III:
MwmucinII = (2.5 ± 0.3) × 103 kDa and MwmucinIII = (2.0 ±
0.2) × 102 kDa. The apparently larger Mw obtained for mucin type II
seems plausible because mucin III is partially purified from mucin type
II [9]. Although these values are of fractionated portion of mucin and
thus may not be themolecular weights of native mucin, both molecular
weight values lie within the range reported for mucin extracted from
porcine stomach mucosa, 2 × 102–1.6 × 107 kDa [11].

In the next step, we compared the surface activities of mucin type II
andmucin type III. Fig. 1c and d represents surface tensions ofmucin so-
lution plotted as a function of weight concentration. This enables one to
determine the critical aggregate concentrations c* of mucin type II and
mucin type III, c*mucinII= 7mg/mL and c*mucinIII= 2mg/mL, respective-
ly. Interestingly, the c* values we obtained here seem comparable to the
overlapping concentrations determined by the rheological characteriza-
tion of porcine stomachmucin, 3 mg/mL [11]. This apparent agreement
qualitatively seems plausible if one considers highly hydrophilic nature
of mucin in general. Namely, mucin molecules become surface active
when they start interacting with each other.
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Fig. 2 represents the intensity size distributions of (a) mucin type II
and b) mucin type III. Note that the experiments were performed at
the concentration of 10 mg/mL, which is above the c* of both mucin.
Though the multiple peaks observed by the intensity-normalized size
distributions (main panels) suggested the formation of μm-order aggre-
gates, the size distributions normalized by number (insets) suggest that
the vast majority (N99%) of mucin type II and mucin type III proteins
have diameter ofΦmucinII = 28± 7 nm andΦmucinIII = 46± 11 nm, re-
spectively. As naturally occurring mucin 2 contains cysteine-rich do-
mains. Since cysteine-rich domains in mucin could cross-link mucin
into viscoelastic gels, we performed DLS of mucin in the presence of
1,4-dithiothreitol (DTT) that reduces disulfide bonds. As presented in
Supplemental Fig. 1, we found no notable change in the DLS signals
even in the presence of 1 M DTT, suggesting that the molecular weight
determination was not biased by the cross-linking mediated by disul-
fide bridges. Previously, Silva et al., measured the dynamic light scatter-
ing of mucin type III at pH 3.0 in the presence and absence of chitosan
[12] and claimed much larger “apparent particle diameters” (about
260 and 1300nm).However it is very difficult to compare these data be-
cause they assumed much larger molecular weight (29 MDa) without
SLS measurements and the pH condition (pH 3.0) of their experiments
is far too acidic compared to the pH in large intestine (pH 5.5–7.0). In
addition, we performed the DLS measurements at pH 5.5, confirming
that the size distributions ofmucin type II andmucin type III are compa-
rable to those measured at pH 7.4 (Supplemental Fig. S2).

3.2. Mucin-phosphocholine (PC) interactions

The interactions between mucin and phospholipids were firstly ex-
amined bymonitoring changes in the hydrodynamic radius aftermixing
DOPC vesicles and mucin solutions. Fig. 3 represents the DLS signals of
pure DOPC vesicles (black solid), pure mucin (black broken), mixtures
at t = 10 min (green) and 60 min (red). For both mucin type II and
mucin type III, characteristic mucin peaks disappear after the mixing.
 (a) DOPC + mucin type II

In
te

ns
it

y 
[%

]

20

10

0

In
te

ns
it

y 
[%

]

5

15

101 102

Diameter [nm]
103

2 4 6 8 2 4 6 8 2 4

DOPC
mucin type II
10 min
60 min

Fig. 3. Intensity-normalized size distributions of DOPC vesicles after incubation with
The characteristic peak for DOPC vesicles exhibited a distinct increase
in both the average diameter and FWHM. In case of mucin type II
(panel a), the shift of the peak position from 124 nm (t = 0 min, pure
DOPC) to 142 nm (t = 60 min) was accompanied by a broadening of
the peak width FWHM from 98 nm (t = 0 min, pure DOPC) to
165 nm (t = 60 min). In case of mucin type III (panel b), we also ob-
served a shift of the peak position from 149 nm (t = 0 min) to
165 nm (t = 60 min) as well as the increase in FWHM from 124 nm
(t=0min) to 161 nm (t=60min). More detailed kinetic data are pre-
sented in Supplemental Fig. S3. Although the significance of interactions
between mucin type II and mucin type III cannot be compared conclu-
sively, the relative changes in Φ and FWHM suggest that interaction of
DOPC with mucin type II (a larger Mw) is stronger than DOPC-mucin
type III interaction.

The increase in peak position aswell as the broadening of size distri-
bution compared to pure DOPC (black) suggests that the surface of
DOPC vesicles is coated by “mucin layer”. This hypothesis is also sup-
ported by the disappearance of the characteristic mucin peaks for both
mucin type II and mucin type III. Additionally, we observed that the in-
cubation of mucin solutions and lyso-PC micelles (Φ–3–4 nm) [13] re-
sulted in the decrease of the characteristic lyso-PC peak from 10 to
3.5% suggesting the adsorption of lyso-PCmicelles on themucin surface
(Supplemental Fig. S4). To verify the presence ofmucin layers on vesicle
surfaces, we measured the zeta potentials of DOPC vesicles in the ab-
sence and presence of mucin. Fig. 4 represents the zeta potentials of
pure DOPC (open circles, prior to mixing defined as t = 0 min), mucin
solutions (open squares, t=0min), andDOPC-mucinmixture recorded
over time (solid squares). DOPC vesicle suspensions showed the zeta
potentials of around ζDOPC = −2 mV, and both mucin type II and
mucin type III had very similar values; ζmucinII ≈ ζmucinIII = −7 mV in-
dependent from the concentration. Uponmixing,we found that the zeta
potentials ofDOPCvesicles converges to the levelnearmucin ζafter=−7
to −6 mV already after 10 min. Therefore, the combination of DLS and
zeta potential measurements confirmed that the surface of DOPC
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vesicles is coated by mucin. The fact that the zeta potential of DOPC-
mucin type II suspensions and that of DOPC-mucin type III suspensions
are very similar seems reasonable as these two preparations have simi-
lar sialic acid contents (information from the manufacturer).

To further verify the binding of mucin to the surface of PC mem-
branes, we measured the pressure-area isotherms of DOPC monolayers
at the air/water interface (Fig. 5, solid). In the presence of both mucin
type II (broken) and mucin type III (dashed), the onset of pressure in-
crease was observed atmuch larger area per molecule A≈ 140 Å2 com-
pared to pure DOPC. Themonolayers in the presence of mucin occupied
distinctly larger areas compared to the pure DOPC monolayer until the
surface pressure reached π ≈ 30 mN/m, suggesting that absorption of
mucin bound to DOPC to the air/water interface. In other words, at a
constant area per molecule, the presence of both mucin preparations
caused the distinct increase in surface pressure, as reported for the in-
teractions between cationic peptides and negatively charged mem-
branes driven by the electrostatics [14–19]. In fact, the lateral
compression modulus κ = A(∂π/∂A)T of DOPC monolayer was clearly
smaller in the presence ofmucin in comparison to the pureDOPCmono-
layer (Fig. 5, inset). It should be noted that the injection of mucin to the
subphase after the compression of a DOPC monolayer did not cause an
increase in surface pressure (data not shown), which can be attributed
to the slow diffusion of mucin in the subphase. Moreover, the DOPC
monolayer structure remained intact after the addition of mucin as de-
termined by X-ray reflectivity indicating that mucin molecules do not
penetrate into DOPC membrane (Supplemental Fig. S5).

Thermodynamics of mucin-DOPC interactions was further investi-
gated by isothermal titration calorimetry experiments. Fig. 6 represents
the calorimetric titration pattern recorded over time by the titration of
DOPC (50 μM) with mucin type III solutions (10 mg/mL). The
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corresponding heat of reactions plotted as a function of molar ratio is
displayed in the inset, yielding the reaction enthalpy of ΔH0 =
(−1.4 ± 0.2) × 104 cal/mol and the binding constant of K0 = (1.4 ±
0.9) × 107 M−1. Throughout the experiments, we often observed the
baseline shift (data not shown),which indicatesmucin sticks to the ves-
sel wall. Based on this reason, the experiments with mucin type II solu-
tion were practically very difficult. From two successful experiments,
we found that the reaction enthalpyΔH0= (−6.0± 1.0) × 104 cal/mol
is more than 4 times larger than that of mucin type III, and K0 = (2.4 ±
0.7) × 107 M−1 is also distinctly higher. This finding is in qualitative
agreement with the relative significance of interaction suggested by
DLS results, suggesting the interaction of DOPC with mucin type II is
stronger than DOPC-mucin type III interaction (Fig. 3). Since both
mucin preparations are predominantly mucin 2, the strong DOPC-
mucin interactions suggested for both preparations seems to explain
the selective transport of PC and lyso-PC molecules to the surface of in-
testinal mucosal layers [6].

3.3. Influence of electrostatics

The fact that mucin proteins are negatively charged proteins with a
lot of sialic acid residues naturally draws the next question: How strong-
ly do lipid-mucin interactions depend on electrostatics? To further as-
sess the effect of electrostatics, we performed the ITC experiments of
DOPC vesicles incorporating 20mol% of lipids that possess samedioleoyl
hydrocarbon chains but different head groups (Scheme 2): DOTAP (+)
and DOPG (−). First, the vesicles containing negatively charged DOPG
showed the weakest interaction with mucin type III, ΔHDOPG-mucinIII =
(−4.0 ± 0.2) × 103 cal/mol and KDOPG-mucinIII = (4.5 ±
1.1) × 106 M−1. This finding can be attributed to the electrostatic repul-
sion between negatively charged mucin and negatively charged DOPG.
More interestingly, the interaction between mucin type III and vesicles
incorporating positively charged DOTAP was only slightly stronger
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than DOPG but much weaker than DOPC; ΔHDOTAP-mucinIII = (−7.9 ±
0.9) × 103 cal/mol andKDOTAP-mucinIII= (6.5±3.1) × 106M−1. Thisfind-
ing indicates the doping of 20 mol% of cationic DOTAP even resulted in
the decrease in the reaction enthalpy by almost 40%. In addition, grazing
incidence X-ray fluorescence experiments showed no enrichment of K+

and Cl− ions at the DOPC monolayer after the addition of mucin type III
(1 mg/mL), excluding the effect of electrostatics on mucin-DOPC inter-
action (Supplemental Fig. S6).

To verify the potential influence of electrostatics on mucin-lipid in-
teractions, we also measured Langmuir isotherms of pure DOPG and
DOTAP, and investigated the influence of mucin type II and mucin
type III (Fig. 7). As clearly indicated in the main panels and insets of
the figure, the presence of both mucin proteins did not cause any re-
markable change in the global shape of isotherms as well as the com-
pression moduli κ, suggesting that both mucin proteins do not interact
with pure DOPG (−) or DOTAP (+).

3.4. Biological relevance, possible mechanisms

As previously reported, the mucosal coating of gut epithelia is
protected against the aggressive attack by bacteria by the phospholipid
layer, andmore than 90% of phospholipids in intestinal mucus are iden-
tified as PC and lyso-PC [6]. In this study, both DLS results and Langmuir
isotherms unanimously suggest that DOPC interacts strongly with both
mucin preparations, containingmucin 2 predominantly. Does this find-
ing make any sense from the biological viewpoint? In gut intestines,
mucin 2 is a major constituent of the intestinal mucus layer that contin-
uously flows on the epithelial surfaces. In contrast, other family mem-
bers, like mucins 3, 12, 13, and 17, are transmembrane proteins
expressed on the apical side of gut epithelial cells. From this context,
the stronger interactions of PC with preparations containing mucin 2
seem to cause the accumulation of PC to the mucosal surfaces after
the paracellular transport, instead of the deposition of the membrane-
anchored mucus layer on epithelial cells. Comparing lipids with differ-
ent head groups, we found that zwitterionic PC has the strongest
affinity.

What is the dominant molecular interaction that dictates lipid-
mucin interactions? Our experimental results clearly excluded the elec-
trostatic interactions. Not only negatively charged DOPG (−), but also
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Fig. 7. Pressure-area isotherms (main panels) and compression moduli of (a) DOPG and (b
positively chargedDOTAP (+) resulted in a drastic decrease in the bind-
ing strength. DOPC vesicles dopedwith 20mol% of DOPG exhibited a de-
crease in the reaction enthalpy by a factor of more than 3 compared to
pure DOPC vesicles.More interestingly, only 20mol% positively charged
DOTAP already caused a 40% decrease in the reaction enthalpy. The for-
mer can be attributed to the electrostatic repulsion between negatively
charged mucin and DOPG, but the latter cannot. The fact that positively
chargedDOTAP is less interactivewithmucin strongly suggests that role
of electrostatics is not dominant. Indeed, the ITC experiments of another
zwitterionic lipid DOPE (±) suggested an even stronger interaction
with mucin type III compared to DOPC, ΔHDOPE-mucinIII = (−8.8 ±
0.7) × 104 cal/mol. Although this may be attributed to the difference
in spatial accessibility of proteins between bulky PC and more compact
PE head groups [20], it should be noted that pure DOPE suspensions
cannot sustain vesicular shapes, resulting in the enhancement of the
curvature-induced lipid-protein interaction [21].

Recently, an increasing number of studies suggested the unique phys-
ical properties of molecules with zwitterionic moieties. For example, hy-
dration, conformation, and anti-fouling of synthetic polymer brushes
with zwitterionic side chains do not follow the classical Hofmeister series
[22–23]. Thisfinding suggests the interdigitation of the neighboring zwit-
terionic side chains [22]. In fact, dendrimers possessing choline phos-
phate functions are shown to glue the membranes [24]. Further
investigations, such as the determination of element-specific density pro-
files [25–27] or nonlinear optical spectroscopy of water in the proximity
of interfaces [28–29], would shed light on the interfacial interaction be-
tween intestinal mucosa and zwitterionic lipids.

4. Conclusions

Intestinal mucus protects gut epithelia from the aggressive attack of
bacteria by the surface layer composed of phospholipids, whose major
constituent is phosphatidylcholine (PC). To understand the molecular
level mechanism of PC accumulation in intestinal mucus after the selec-
tive paracellular transfer, we systematically investigated interactions of
lipids andmucin. As themammalianmucusmodel, we usedmucin type
II and mucin type III from porcine stomach. Although these are crude
fractions after enzymatic digestions, the Zimm plot analysis of static
light scattering results suggested relatively uniform molecular weights
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for both mucin type II (MwmucinII ~ 2.5 MDa) and mucin type III
(MwmucinIII ~ 0.2 MDa). Dynamic light scattering experiments implied
that interactionwithmucin caused an increase in the hydrodynamic ra-
dius and a broadening of the width of size distribution of DOPC vesicles.
The binding and coating of mucin on DOPC membrane surfaces were
further supported by zeta potential measurements as well as by the
global shape and the lateral compressibility obtained from Langmuir
isotherms. Thermodynamics of mucin-DOPC interaction was studied
by using isothermal titration calorimetry, yielding the
ΔH0 ~ −60 kcal/mol by taking the molecular weight of 0.2 MDa deter-
mined by SLS.

The influence of electrostatics was investigated by the systematic
variation of the net charge of head groups. DOPC vesicles doped with
20 mol% of DOPG (−) showed the reaction enthalpy of ΔH0

DOPG-

mucinIII = −4 kcal/mol, which can be explained as the electrostatic re-
pulsion between negatively charged mucin and DOPG (−). However,
the incorporation of 20 mol% of DOTAP (+) also resulted in a lower re-
action enthalpy than pure DOPC, ΔH0

DOTAP-mucinIII ~ −8 kcal/mol. A
clear decrease in the reaction heat caused by 20 mol% doping of
DOTAP, ΔH0

DOTAP-mucinIII − ΔH0
DOPC ~ 6 kcal/mol, confirmed that the

electrostatic interaction does not play any dominant role in lipid-
mucin interactions. In fact, another zwitterionic lipid with a more com-
pact ethanolamine head group, DOPE (±), even exhibited a higher
mucin affinity compared to DOPC. Thus, our experimental findings pro-
vide with the first quantitative evidence that the binding affinity of PC
andmucin, especially tomucin type II secreted by goblet cells, is the un-
derlying mechanism of the accumulation of PC in intestine mucosa,
which cannot be explainedmerely by classical electrostatic interactions.
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