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Gastric mucin, a high molecular weight glycoprotein, is responsible for providing the gel-forming properties and

protective function of the gastric mucus layer. Bulk rheology measurements in the linear viscoelastic regime
show that gastric mucin undergoes a pH-dependentgalltransition from a viscoelastic solution at neutral pH

to a soft viscoelastic gel in acidic conditions, with the transition occurring near pH 4. In addition to pH-dependent

gelation behavior in this system, further rheological studies under nonlinear deformations reveal shear thinning
and an apparent yield stress in this material which are also highly influenced by pH.

Introduction charide side chains of mucin are responsible for maintainig

the extended rodlike conformation of mutiand play an 50

Throughout the body, luminal epithelial surfaces are covered important role in determining the structure and viscoelastic
by a secreted layer of mucus consisting predominantly of water properties of the gel. 52

(95%), high molecular weight polymeric glycoproteins known  Because of the physiological importance of the mechanieal
as mucins (3%), and other small molecules (2%his layer properties of mucus, there have been numerous rheologiaal
serves as a lubricant and as a protective barrier shielding syydies not only on mucus and mucin from the GI #@t° s5
epithelial cells from damaging substances. It is perhaps in the pyt also on trache® 22 and cervica®24 mucus. In addition, 56
stomach that the mucus layer faces the harshest challenges, NnGkcent studies have examined the microrhedtdd§2s of 57
only from ingested materials, but also from the highly acidic mycins and mucus. Microrheology studies are particulasy
gastric juice secreted by the stomach itself. During active rglevant to the transport of drugs and infectious agents sucheas
digestion, the gastric lumen is typicallyd pH < 2, while the  pacteria and viruses across the mucus barrier. Howevwer,
epithelial surface is near neutral pH, and this gradient is characterization of the macroscopic bulk rheology is important
maintained across the mucus layet. to physiologically relevant problems such as mucus sheddiag
The mechanical properties of gastric mucus, which are crucial and the response of the mucus layer to large deformations dusing
to its protective function and highly relevant to the problem of peristalsis. The bulk properties are also crucial in medical
drug delivery through the mucus layer, are primarily derived applications involving the mechanical motion of invasive devices
from the mucin glycoproteins that form the gel matrix of the such as endoscop&s. 66
mucus® Mucins consist of a protein core, with domains rich in
cysteine or serine, threonine, and proline, with polysaccharide
side chains that account for 80% of the molecular weight. These
glycoproteins form large polymeric aggregates up to ap-
proximately 20 MDa via disulfide linkagésPrevious studies
of the structure and dynamics have led to a model for
pH-induced gelation of gastric mucin. Specifically, experiments
using atomic force microscopy (AFM), dynamic light

In the case of gastric mucin, bulk rheological measuremesits
also provide a direct probe to investigate the pH-inducee sads
gel transition which may play a vital role in the physiologicab
mechanism by which the stomach is protected from digesting
itself. However, to the best of our knowledge, detailed butk
rheology experiments to study the impact of pH on the
mechanical properties of gastric mucin have not been carried
. . T out. Previous work using falling ball viscometriras shown 74
scattering® (DLS), and hydrophoblc dyg blndlﬁ@avg de,m' that there is a profoundgincrea%e in the appargnt viscosityrmat
_onstrate_d that pH plays a V'tal_ role in the_ muemucin low pH, though these experiments were not able to protze
Interactions that lead to aggregation and gela_ltlon. A conforma- itrerent shear rates and measure the full frequency-dependent
tional change from a random coil conformation at neutral pH  jjye5r viscoelastic moduli. Another study, in which the viscosity

to a rodlike confqrmaﬂon at I.OW pH probab_ly involves Fh9 of partially purified PGM purchased from Sigma Chemicals witfy
breakage of salt bridges, and this breakage facilitates associations yyeq trefoil peptides was examined, did note an increasaoin
between the hitherto sequestered hydrophobic regions of the,jscqsity at low pH, although pH dependence in purified mucin
protein core: Electrostatic interactions between the polysac- a5 not studied® An earlier bulk rheology study in which mucins
. viscosity at different pH values was examifiedid not observe 83
iy VéhO’k‘; Coéresgogdence should be addressed. E-mail: shyam@bu.edusjgnificant variation in the material properties, most likely dua
(S I:;’)(’)srto@nb U”r']ﬁ,el:s(ity'_ ): to high salt concentrations in the buffer solution, a factor whish
* Beth Israel Deaconess Medical Center and Harvard Medical School. Nas been observed (and is further studied in this work) to inhisit
8 Massachusetts Institute of Technology. the pH-dependent change in rheoldgy. 87
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Recently we reported microrheology measurements using a (A) ——T—— T ———r
microscope-based DLS instrument to examine the local me- L GelatpH 2 pyyyTTYYTYIVYY
chanical properties of a mucin gel at different pH values by 0L ","n"v ]
examining the diffusive motion of tracer partickésThese one- AN SovvvvevYYITIIETEV yuvv
point tracer probe microrheology measurements sample localized vevy : eoes®®®’ .° 0000097
microenvironments on submicrometer length scales that are not 3 ...20000000000090000 :
necessarily expected to agree with the bulk properties of the — i :topH 4 ]
material?® e b @
In this work, as in previous studies, a model mucus system ¢y 9 3 a® 3
of purified porcine gastric mucin (PGM) is used. Mucus i -
reconstituted by hydration of purified PGM has been shown to SolatpHs _ © " . P: 2’ g
duplicate the rheological properties of native mucosal scrapings 00l g g ° . v EH-i:G' 3
from pig stomach&2 The porcine animal model is used due to ] L " ML
physiological similarities between human and pig stomachs. ‘e | o =" " pHZG | |
Moreover, the human MUC5AC gene, which (along with E =
MUCSB) is expressed by the gastric mucosa, is homologous to om 0.1 1 10 00
the porcine gastric mucin geA&Since MUC5AC is expressed w [rad/s]
in the airway mucosa as well as the Gl tract, the results of these
studies may also be relevant to airway mucus, the viscoelastic (B) ooy -
properties of which are a contributing factor in obstructive lung sl " sy -
diseases such as cystic fibrosis (CF) and chronic obstructive I . " L !
pulmonary disease. 0 - . -
60 | | ] .
Materials and Methods 'g‘ sl v 5, pH2 ]
. . . . . . @ - e 5pH4 :
Materials. Porcine gastric mucin used in these experiments was o 40l » 5 pHB |
purified from the mucus scrapings of fresh pig stomachs. The use of % s 1
purified PGM rather than the commercially available partially purified ‘v_o. 30 - *oee 1
PGM (Sigma-Aldrich, St. Louis, MO) results in a far more accurate % [ vvv,::::oo..... .
model system as the protease treatment in the preparation of the latter | ""'Tv::r:::..... 1
has been shown to degrade the glycoproteins such that the rheological 1wl A i
properties are qualitatively different from those of the actual méfttfs. :
PGM was purified by Sepharose CL2B chromatography and cesium 2o 0'1 1 1'0 00
chloride density gradient ultracentrifugation as described previdusly. '
Lyophilized PGM was prepared for rheology experiments by hydration o [rad/s]

in sterile HO and buffering to the appropriate pH using a previously Figure 1. (A) Linear viscoelastic moduli, G'(w) and G"(w), for 15

calibrated set of phosphate/succinate buffers. The pH of the PGM mg/mL PGM at pH 2 (v, v), pH 4 (®, O), and pH 6 (m, 0). (B) Phase

samples was adjusted by mixing appropriate volumes of 100 rgM H angle, 0, as a function of frequency for the same data. The PGM

PQy/succinic acid and N®Qy/sodium succinate to obtain the indicated ~Samples at pH 2 and 4 exhibit the characteristic response of a gel,

pH. The final concentration of P@uccinate in the samples was 10 with G'(w) dommar_lt over G"(w) (0 = 457) for all freguensles probed.
. L In contrast, PGM is clearly a solution at pH 6, with G"(w) greater

mM. Ir_l cs_srtaln te_s_ts noted belo_\/\_/, a modified set of buffers prepared than G'(w) (6 > 45°) for all frequencies accessed.

to isoionic conditions by addition of NaCl to a 50 mM NacCl

conductivity standard was used. Buffered PGM solutions were allowed

to hydrate and equilibrate for 48 h before testing. creep test and frequency sweeps on the sample. In addition to these

three tests, a “flow test” (a series of step increases in the steady-sisgte

_Reduced mucin was prepared by reacting purified PGM overnight g oss) \as also carried out on most samples to obtain the steady sisaar
with 10 mM dithiothreitol (DTT) in 10 mM Tris-HCI, 0.1 mM EDTA viscosity as a function of shear stress 155

(disodium ethylenediaminetetraacetate), pH 8.0, and subsequent alky-
lation with 50 mM iodoacetamide (IAM) in the dark at room
temperature. The reduced PGM was dialyzed extensively against
deionized water using a 1000 molecular weight cutoff (MWCO) dialysis
membrane to remove remaining DTT, IAM, and buffers while retaining
any small peptide fragments. Finally, the dialyzed reduced PGM was
lyophilized before rehydration and buffering to the desired concentration
and pH as above.

Results and Discussion 156

PH-Dependent Sot-Gel Transition. Frequency sweeps ini157
the linear regime on PGM samples prepared to pH 2, 4, ants§
shown in Figure 1 present clear evidence of a dramatic chamgge
Rheology. TA instruments AR-G2 and AR-2000 stress-controlled n VISCOEIa?tI.C behaylor at low pH. At pH 2 and A,', the storageo

modulus,G', is dominant over the loss moduluS;', for all 161
rheometers (TA Instruments, New Castle, DE) were used to study the A S - -
frequencies probed, indicating a gel-like material response.1éd

mechanical response of PGM samples in steady shear, oscillatory shear, H 6 th | f both ts of th | dulies
and step stress modes. In these studies a 40 mm parallel plate geometr9 € values ol both components of thé compiex modu

with a solvent trap was used. For most samples, a gap ofi@5®as are several orders of magnitude lower than in the low-ps
sufficient to distribute the sample evenly over the entire surface area (9€lled) samples, and the loss modulGs, is dominant over 165
of the plate. The rheometer is equipped with a Peltier plate to regulate the storage modulus', indicative of a liquidlike response.166
the sample temperature to 220. In all cases, an initial stress sweep Another way of quantifying the gel strength and gelation is te7
with an oscillatory shear stress of increasing amplitude at a constant|00k at the phase anglé, given by the relation tati = G"/G'. 168
frequency ofw = 0.5 rad/s was performed to determine the region of The lower the value od, the more elastic the material, wheresg
linear response for a given sample. On the basis of this test, a value ofa value ofd < 45° is generally indicative of a sample that hasro
applied stress within the linear regime was then used in the subsequengelled while a value 06 = 45° corresponds to a sample in the71
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Biomacromolecules Rheology of Gastric Mucin C

sol state. On the basis of this criterion, it is clear that at pH 6 (A) TR
PGM is in the solution state while at pH 2 it is slightly more 00 Slope ~.00022 (Pa.s) 4 i
strongly gelled than at pH 4. Because the pH 6 sample has P n=dsPas
extremely small values of both viscoelastic moduli, the data
were truncated due to the onset of inertial effects in the
instrument at higher frequencies.

We also noted that, in the absence of a pH buffer, PGM
hydrated in deionized water drives the pH to 4.05, and the

Reocovery

0.20

o
-

Jiby [1/Pa]
o
a

sample is in fact more strongly gelled than in the case of pH 2 ook i
PGM. The high strength of the gel in the absence of buffer is |
likely due to the effect of partial charge screening by ions in 005 L ]
the buffer, as discussed below. It should be noted that other I
rheological studies on reconstituted purified P&#:15in which oo - i

no pH buffer was used in the final hydration of the lyophilized P S S R S R
PGM, but in which the sample is observed to form a gel, are ¢ e 40 S0 B 000 10
consistent with data presented here because, in the absence of time [s]

added buffer, these were probably effectively pH 4 PGM gels. (B)
The values reported for low-pH gel samples here are ap-
proximately consistent given differences in glycoprotein con- Slope ~ 4.95 (Pa.s)"
centration with previously reported values of the frequency- n=020Pa-s
dependent moduli of native gastric mudég.he same appears

600 -
to be true of native mucus secretions from the traciegjile _
cervical mucu#* has lower values of both moduli. e
Further evidence of the pH-dependent-sgél transition is T a0 4
=

apparent from creep test data, plotted in Figure 2. At pH 2 there
is strong evidence of elastic recovery in the sample, while at
pH 6, the sample essentially flows and no elastic recovery could 00 -
be reliably measured. A measure of the steady shear viscosity
can also be obtained from the long-time response of the creep
complianceJ(t). For a linear viscoelastic material at times

A (the relaxation time), we expect

pH=86
5,=0.002Pa

[} 20 40 60 80 100 120
t time [s]
J(t) = & =a-+ l Figure 2. Creep compliance, J(f) = y()/oo, versus time for PGM at
) Mo pH 2 (A) and pH 6 (B). Both tests were conducted at a value of applied

stress, op, within the linear regime for that sample. For the pH 2

: T - . sample, gp = 2 Pa, while at pH 6, oo = 0.002 Pa. There is an obvious
where y(t) is the time-dependent strain responsg,is the qualitative contrast between the two samples in that there is evidence

applied step Str(?S% is the V'S,C‘?S'W at th,at SPec'f'C stress or significant elasticity and very little irreversible creep at pH 2.
shear rate, and is an offset. Fitting a straight line to the pH 2 gecause of the lack of elasticity in the pH 6 sample, recovery could
compliance data at late times, we obtailidtl= 70~ = 0.00022 not be reliably measured. From linear fits to the compliance at late
(Pas)™, and solving forno yields a value of 4500 Ps. times, the viscosity, 7o, at pH 2 and 6 is found to be 4500 and 0.20
Repeating this analysis for the pH 6 data yields a viscosity of Pa-s, respectively.

0.20 Pas, 4 orders of magnitude lower than in the pH 2 sample. . ) ) . N

At pH 4 the creep compliance is qualitatively the same as the the folding of the protein and influence its ability to fornzs2
compliance at pH 2, and applying the same analysis to the pH intermolecular associations required for gelation. At the othmss

4 data, the calculated value g is 160 Pas. extreme, the gel in pure deionized water has strong polyelex+
lonic Strength at Constant pH. It has been previously ~ trolytic interactions and is highly swollen. _ 235
reported that the presence of salts impacts mucin rhed#igi?. These studies of the effect of salt concentration on mucis

The data presented in Figure 3 demonstrate that, as the saltheology may be relevant to airway mucus, which also conta#ss
concentration is increased at pH 2, PGM remains a gel up to athe secreted gel-forming mucin MUC5A€ The observation 238
NaCl concentration of 100 mM, but the sample at 200 mM of a decrease in mucin gel strength is consistent with recess
becomes a solution. At these very high salt concentrations PGMstudies which have shown that inhalation of hypertonic salin®
is a solution regardless of pH; however, even the 200 mM aids in mucus clearance for cystic fibrosis patiefits. 241
sample does cross over to a more solidlike response at high Observation of the Nearly Critical Gel at pH 4. To ensure 242
frequencies as is typical for a polymeric liquThe 100-fold that the rheological changes in the gel properties presented alese
loss of elasticity of mucin gels with increasing salt seen here is were entirely driven by pH rather than ionic strength, whicia4
opposite the behavior of covalently cross-linked polyelectrolytic does vary slightly with the pH of the buffer solution, rheologsus
gels whose elastic modulus increases with increasing saltexperiments at varying pH were repeated on samples of identiaal
concentratiorf? suggesting that, in the case of mucin, which is ionic strength (Figure 4). Isoionic buffers were prepared byz
a physical gel, the screening of electrostatic interactions measuring the conductivities of the BF8uccinate buffer at the24s
decreases the degree of cross-linking and entanglement of thendicated pH and then adding NaCl to a final ionic strenghe
physical gel network. The decrease of effective charge reducesequivalent to 50 mM NaCl. As expected, the small quantities
the electrostatic repulsion of the sugar side chains, which adoptof additional salt added here did not change qualitatively thm
a less extended conformation. Charge screening would alsostiffening of the material at low pH. However, under thees2
impact the stability of salt bridges in the protein core and affect conditions, it is observed that PGM at pH 4 is very nearly2a3
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Figure 3. G'(w) and G"(w) for PGM at pH 2 with no added NaCl (v, (B) A ALA) B A S S LA ) SRR —
V), with 25 mM NaCl (a, A), with 100 mM NacCl (@, O), and with 200 r Average § = 0.61 rads ]
mM NaCl (m, O0). At highly elevated salt concentrations PGM no longer 3 =>n=0.39
gels regardless of pH but still exhibits an elastic dominant response
at higher frequencies. L |G'(e) ~"
N o i L |n=0.38
critical gel by the criteria of Chambon and Winter, that = .
G tand = Sw'T(1 — n) cosd, whereSis the gel stiffness g I
parameter and the scaling exponeanis related to the phase . G"{e) ~o"
angle byd = n/2 3738 For these data, the average value of the (D I n=0.41
phase angle is 0.6t 0.04 rad, indicating a value of the scaling ©
exponentn, of 0.39+ 0.02. Power law fits of the forn®'(w) . G
~ G"(w) ~ w" agreed well with the experimental data and 01pF s G |
yielded values oh = 0.38=+ 0.002 anch = 0.41+ 0.006 for ; et e
G'(w) andG"(w) fits, respectively, each within 5% of the value L
independently calculated from the phase angle relatien.39 S TEE— e
+ 0.02. Percolation theory calculations presented by Muthu- ¢ ¢
kumapr®4° suggest that the scaling exponemtijs related to a o (rad/s)
fractal dimensiongk, by Figure 4. (A) Linear viscoelastic moduli, G'(w) and G"(w), for PGM

_dd+2-2d)
T 2d+2-d)

where d is the spatial dimension (and is equal to 3 heredand
relates the molecular weight of the polymeric aggreghslteto
its spatial sizeR, by R% ~ M. In this case, solving yieldd =
2.13+ 0.02, lower than the value of 2.5 predicted for percolation
clusters at threshotd and comparable to values observed in
-Carrageenan gefd The observation of a nearly critical gel at
pH 4 is intriguing in view of recent studies showing that the
surface pH in resting mouse stomachs is regulated to gH 4.
Yield Stress. Constant-frequency oscillatory stress sweeps

at pH 2 (v, v), pH 4 (@, O), and pH 6 (l, O), prepared to isoionic
conditions as described in the text. (B) Detail of the pH 4 data showing
power-law fits of the form G'(w) ~ G'(w) ~ w". The value of n from
each component of the complex modulus is within 5% agreement
with n = 0.39 from the criteria that tan 6 = tan(nz/2) for a critical gel.

applied stress of about 0.1 Pa. In a pH 4 gel, the critical stress
behavior is approximately the same as in the pH 2 gel, with292
~ 10 Pa. Note that the stresses reported here are maxinzasm
amplitudes of the applied sinusoidal oscillatory stress, so the
rms value of the yield stress is actuatly/2 ~ (10 Pa)l/2 = 295
7.07 Pa. Given the dramatic stress softening by orders2ad
magnitude observed here, the approximate measureme@ts @b7
and G" in the nonlinear regime are adequate to characterize
this behavior. However, if more accuracy were required 2po

for pH 2 and 6 PGM are plotted in Figure 5. Note that, at stresses examining the nonlinear viscoelastic properties, further expesde

beyond the linear regime, the values@fandG" are highly

ments to study this could include strain-dependent relaxation

approximate since the material response is not a single harmonianodulus measurements as conducted by Xu et al. in studiesoof
sinusoid. PGM gel samples all have a qualitatively similar the rheology of F-actin networksor Fourier transform rheol- 303
response, withG' dominant overG" in the linear regime, ogy 6 304
indicative of a gel state. As stress is ramped above a critical An apparent yield stress has been observed in other mwuas
stress ofty ~ 10 Pa, the gel catastrophically fails and the systems as well. Pedal mucus from terrestrial gastropods (srsails
rheology is dominated by the viscous loss modulus, @th and slugs) is known to have a yield stress, and the yield strags
greater tharG'. This critical stress may be interpreted as an has been identified as the primary attribute which allows these
apparent yield stress, since the elastic properties decrease by atreatures to crawl up inclined surfaces such as vertical Wallsos
least 2 orders of magnitude over a narrow range of stress. Additionally, Taylor et al. have reported data that indicateo
pH 6 (shown in Figure 5b), the concept of a yield or critical dramatic stress softening in PG¥Furthermore, in the sames11
stress is not applicable because even at low stresses the responseork it is shown that scrapings from different parts of tha2
is dominated by the loss modulus; however, both componentsstomach actually exhibit different rheological properties. In osi3
of the modulus show significant stress softening above an work, the scrapings were obtained from entire stomachs4
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Figure 6. Flow test data for PGM, 15 mg/mL, showing steady shear
viscosities at pH 2 (@), pH 4 (a), and pH 6 (W). The apparent viscosity
(stress/shear rate) is plotted as a function of shear rate, with lines of
slope —1 showing agreement with the form log # = log 7y, — log ¥ for
gel samples as described in the text. The lower pH samples are
dramatically shear thinning, decreasing in viscosity by about 3 orders
of magnitude over 4 decades in shear rate and approaching a
constant (yield) stress at low shear rates.

mucus layer. In this case, solving fly, usingry ~ 10 Pa,o ~ 338
1073 kg/m?, andg = 9.8 m/g yields h; ~ 1 mm. This upper 339
limit for film thickness is consistent with measurements efo
mucus layer thickness in vivdn which the thickest mucuss41
observed in the colon was measured to ©830 um. The 342
approximate agreement of this estimate with actual mucus lagasr

thicknesses suggests that gravity may in fact play a rolesia
limiting the thickness of the mucus layer. The observation o6
an apparent yield stress in gastric mucin may have furtises
physiological relevance given the large shear stresses thatsthe
stomach is subject to during digestion. 348

Shear Thinning. All PGM samples studied in this work349
exhibited a highly non-Newtonian shear thinning behavior #s0
Isteady shear flow tests, as previously observed by otker
researchers in tests with degraded PGM purchased from Sigs2a
Chemicals'64950 |n Figure 6, the apparent viscosity (stresss
divided by shear rate) measured in steady shear flow is plotted
as a function of shear rate for PGM buffered to pH 2, 4, and385
The apparent viscosity at all shear rates probed increases wsth
decreasing pH, and the approach to a constant (yield) stssss
can be seen in the gel samples (pH 2 and 4). For the pHs2

Figure 5. Stress sweep data for (A) pH 2 PGM (gel), 15 mg/mL,
and (B) pH 6 PGM (sol), plotted as G' (W) and G" (®) versus the
amplitude of the applied oscillatory shear stress at a constant
frequency of w = 0.5 rad/s. In the pH 2 sample, as stress is increased
beyond the linear regime, the gel yields and begins to flow just above
10 Pa.

however, the results for yield stress reported here are consisten
with an appropriately weighted average of the yield stress values
apparent from examination of data presented by Taylor et al.
for PGM from two different regions of the stomach. The trends
of the two curves here are more like the “shear-resistant” gel
described in the work of Taylor et al., in that there is a slight
rise in the loss modulus before the dramatic drop in both moduli.
This behavior is seen in a variety of materials tested in large-
amplitude oscillatory shear (LAOS) and has been identified as AT _
“weak strain overshoot” (or type IIl) behavior by Hyun et'@l. ~ Sample, this line is close tp= (ty/V/2)ly = (7.07 Pajy orlog  s59
These materials share the common property that they form a”? = 109 7.1 — log 7 as expected from the independento
complex structure that resists against deformation up to a certain™easurement of yield stress discussed above, where the sesaind
strain whereG" increases, but then fail dramatically at higher term in the logarithmic form of the expression gives rise to the
strains. Hyun et al. have associated type Il behavior with Slope—1 lines shown in Figure 6. 363
systems that have extended backbones and long side chains that It is worth noting that the viscosity data obtained here &84
are electrically charged, a description which is very consistent steady shear experiments are self-consistent with the viscosity
with our knowledge of mucin’s extended rodlike conformation, information obtained from the creep test data reported aboses.
polyelectrolytic properties, and liquid crystalline struct&fé. In comparing viscosity values obtained from a steady shear test
The value of the yield stress can also be used to calculate anwith those from a creep test, it is important to determine tbes
estimate of the maximum thickness of the layer on a vertical relevant shear rate in the latter test. For the pH 2 sanyple, 369
surface that can be supported under the influence of gravity by = go(dJ(t)/dt) = 2 Pax 0.00022 (Pes) 1 =4.4x 104s,in 370
which case the true steady-state shear viscosity for the pli72
gel, combining the yield stress information with the creep testz
data, would bej(2 Pa)= 7.07/(4.4x 1074 = 15900 Pas. In 373
Figure 6 these data points would be up and to the left and wosidd
lie close to the trend line shown. Shear thinning behaviers

7, = pgh;

wherery is the yield stressp is the density of the materiad
is the acceleration due to gravity, ahglis the thickness of the
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_n_._ I v G" non-reduced domains on the protein core, which then form junctions. In the:
O o1l - context of this model, the data presented here provide sosze
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Figure 7. Linear viscoelastic moduli, G'(w) and G"(w), for PGM at
pH 2 (v, v) and DTT-reduced PGM at pH 2 (m, O), showing the
dramatic change from elastic gel to viscoelastic solution after reduction
of PGM into subunits.

Supporting Information Available. Viscoelastic moduli for 433
PGM hydrated only in deionized water with no pH buffer ang4
salt concentrations for the isoionic buffer preparation used4us
he relevant section of this paper. This material is available frize

combined with the pH-dependent yield stress behavior discussed; charge via the Internet at http:/pubs.acs.org. 437

above, may perhaps play a role in the mechanism of mucus
shedding.
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