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Modeling of orthokinetic flocculation ofaccharomyces cerevisiae
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Abstract

This study examined the flocculation behavior of tWaccharomyces cerevisiae strains expressing either Flol
(LCC1209 genotype or NewFIdLCC125 phenotype in a laminar flow field by measurement of the fundamental
flocculation parameter, the orthokinetic capture coefficient. This orthokinetic capture coefficient was measured as a
function of shear rat€5.95-223 s*) and temperaturé5-45 °C). The capture coefficients of these suspensions
were directly proportional to the inverse of shear rate, and exhibited an increase as the temperature was increased to
45 °C. The capture coefficient of pronase-treated cells was also measured over similar shear rate and temperature
range. A theory, which predicts capture coefficient values due to zymolectin interactions, was simplified from that
developed by Long et alBiophys. J. 761999 1114. This new modified theory uses estimates df) cell wall
densities of zymolectins and carbohydrate ligan@; cell wall collision contact area; ant3) the forward rate
coefficient of binding to predict theoretical capture coefficients. A second model that involves both zymolectin
interactions and DLVO forces was used to describe the phenomenon of yeast flocculation at intermediate shear ranges,
to explain yeast flocculation in laminar flo® 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction ical standpoint, yeast flocculation can be simply
defined as the non-sexual aggregation of yeast
The mechanisms of cell-to-cell adhesion have cells into clumps, dispersible by ethylenediamine-
drawn the attention of researchers in various fields, tetraacetic acidEDTA) or specific sugdis) [2].
including medical, pharmacological, biophysical, The mechanisms of zymolectifior lectin-like
immunological, and microbiological areas. Brew- protein—carbohydrate interactionshave been
ing yeast flocculation is one of the most studied hypothesized to explain the bonding between yeast

types of microbial aggregations. Yeast flocculation celis [3—§. However, the exact details of yeast
is often examined from a biochemigahicrobio- flocculation remain unclear.

logical viewpoint and less often using colloidal
biophysical approaches developed by medical
researcher$l]. From a biochemicalmicrobiolog-

Viewing the fermentation process from a
colloidal/biophysical standpoint has, unfortunate-
ly, not been discussed by many researchers. The
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viewpoint [9]. Orthokinetic flocculation is accept-
ed to be the major mechanism for yeast cell-to-
cell interactions[10]. As yeast cells are relatively
large, perikinetic flocculation is not important in
this brewing proces$8]. Determining the orthok-
inetic capture efficiency can help to understand
the flocculation behavior of yeast cells in shear
flow. Orthokinetic capture coefficients of a floc-
culent ale strain, experimentally estimated by
Speers et al[11], were much higher than those
predicted by Duszyk and Doroszewdki2] based
on the DLVO theory. Thus, the DLVO theory alone
could not be used to explain brewing yeast floc-
culation[11].

When two particles collide under a shear flow,
formation of doublets depends on the collision
frequency. The total two-body collision frequency
per unit volume(H,) can be described as follows
[1,13,14:

16.
H.= _'YN§7'3

3 oy

where y is the shear ratey, is the density of
singlets in particle suspension, ands the radius

of the particle. A kinetic theory for the rate of
particle flocculation in dispersions was first
described by von Smoluchowski and more recently
modified by van de Ven and Masdi3]:
& = ¢~ (4a0ypo/ ™1

No

2

where N, is the concentration of particles at time
t, Ny is the initial concentration of particles, and
¢, Is the initial volume fraction of particles. The
orthokinetic capture coefficiend,, is an important
parameter in the equation for it reflects the sum
of all forces and interactions acting on colloidal
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sion; rate of bond formatiokk;); the contact area
between cell{A,); shear ratgy); and cell diam-

eter. According to Bel[16], the orthokinetic cap-
ture coefficient (ag), or sticking probability,

depended on shear rates: at lgw , thevalue is

proportional toy~?* ; and at high qo is propor-

tional toy 2.

Receptor—ligand bonding is an interaction often
observed in cell-to-cell associations. These
receptor—ligand interactions include those between
antigens and antibodies, lectins and carbohydrates,
or enzymes and substrates. Lectins have been
defined as glycoproteins of non-immune origin
that contain at least two sugar binding sifds].

A zymolectin is defined as an anchored yeast cell-
wall protein that contains one or more mannose or
gluco-mannose binding sitef7,8]. The general
reversible reaction between particles governed by
receptor—ligand bonding can be written as follows
[1,18,19:

kt

vM,.+vM,2v,M,
kr

(3

where M,, M,, and M, are the molecular species
of receptor, ligand, and bond,, v,, v, denote the
corresponding stoichiometric coefficients, akd
andk, are the forward and reverse rate coefficients.
When two cells collide, a doublet will form if
sufficient intercellular bonds form during the col-
lision. The collision time has been reported to be
approximately equal to#%/6vy at low shear rates
[1].

A simplified master equation[18], which
describes the binding kinetics of a small number
of receptors and ligands, can be expressed as
follows [1]:

dp

particles as they approach each other in the laminar d—; =Agn,mik{"p, 1

shear field[8].

Cell adhesion during shearing flow has been
intensely studied by biophysicists. B&1I5] devel-
oped a model for cell-to-cell interactions mediated
by reversible receptor—ligand bonds, which
describes the kinetics of bond formation and break-
age. A few years later, Be[lL6] created a proba-
bilistic formulation for cell aggregation in Couette
flow by considering: the duration of a cell colli-

— (Agnmak{"* D +nk{”)p,

+(n+ Dk, 1 (4)

where p, is the probability of having: bonds at
time ¢, A, is the contact aredum?), m, is the
number densities of receptdpm=—2), m, is the
number densities of ligandum™2), & is the
forward rate coefficient per unit density for the
formation of thenth bond (um? s 1), and k™ is
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the reverse rate coefficient for the dissociation of 2.3. Yeast preparation

the nth bond(s™1). This modified McQuarrie

master equatioril] governs the rate of change of  The yeast strains were cultured on yeast extract

bond number between the cells. peptone dextros€YEPD) agar. Isolated colonies
In 1999, Long et al[1] reported on the construc-  \yere inoculated into 100 ml of YEPD broth in

tion of a model to predict the flocculation of 550 m| Erlenmeyer flasks. They were incubated

sheared cells attached by antigen—antibody bonds-aerobically at 30C in an orbital shaketEberbath

If one considers initial two cell collisions at low  corporation, Ann Arbor, MI, USA at 100 rev.

shear rateswhere the rate of bond break-up is  min-1, veast samples were inoculated at a pitching

low), the orthokinetic capture coefficiefit,;) can rate of 15<1CF ml-! as determined by a hemo-

be defined as: cytometer (Hausser Scientific Partnership, Hor-
o sham, PA, USA. Yeast samples were harvested
Qo= ;Ac]’nr’nlkf (5 by centrifugation(450X g for 2 min). The standard

incubation time for the yeast culture was 24 h.
where A, is the contact area between the cells A yeast washing procedure described by Speers
during a collision(wm?), m, and m, are number et al.[21] was used. The yeast washing steps were
densities of receptors and ligan@sm~2), and k; as follows: twice with double distilled water; once
is forward coefficient per unit densitfum? s—1). with 10 mM EDTA; twice with double distilled

The objective of this study was to examine the water; and washed with 0.1 M sodium acetate
behavior of yeast cells using colloidal and bio- standard buffefpH 4.5 containing 1.0 mM Céas
physical cell theories to assist our understanding CaCl) and 5% ethandl Yeasts were then resus-
of the mechanism of yeast flocculation. The prime pended in the standard sodium acetate buffer.
focus of this work was to test the application of A hemocytometer was used for counting cells
the orthokinetic capture coefficient theory pro- under a light microscope. The method employed
posed by Long et all1] (for particles flocculated was based on the ASBC standard metH@ad].

by antigen—antibody interactiongo zymolectin- Washed cells were stored at30 °C if the meas-

mediated yeast flocculation. urement could not be performed immediately. The
flocculation ability of frozen cells(—30 °C) has

2 Materials and methods been found to be unchanged after 6 months storage
[23].

2.1. Yeast strains The volume of a yeast ce(lV,) was calculated

from the formula for a prolate spheroid:

The two ale yeast strains used in this study were y _ 4 /3742 (6)
flocculent S. cerevisiae strains 125 and 1209 Y
obtained from the Labatt Breweries culture collec- wherea, b are the lengths of the major and minor
tion (LCC; London, ON. Strain LCC125 has been semi-axes of a prolate spheroid.
defined as a NewFlo phenotype strain, whereas
Strain LCC1209 is a haploid strain of Flol geno- 2.4. Treatment with pronase
type [20].
The method of pronase treatment was based on
2.2. Polystyrene microspheres Hodgson et al[24]. Yeast cells were treated with
200 g mi~?* of pronaseprotease type XIV, from
Polystyrene([-CH,—CH CgHs)—-],,) microspher-  Streptomyces griseus, Sigma Chemical Co., St.
es (Duke Scientific Corporation, Palo Alto, CA, Louis, MO, USA dissolved in 50 mM sodium
USA) with 4.988+0.035u.m diameter were used. phosphate, 50 mM EDTA at pH 7.50. The suspen-
These spheres were synthesized from the mono-sion was incubated at 30C for 1 h. The cells
meric precursor, styrene. were washed as previously described.
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2.5. Determination of orthokinetic flocculation
The original orthokinetic flocculation experi-

mental procedure described by Speers efHl]
was employed with minor modifications. Yeast

J.W. Hsu et al. / Biophysical Chemistry 94 (2001) 47-58

Langmuir analysis was used to calculate zymolec-
tin density. All experiments were carried out at 20
°C in triplicate.

2.7. Ligand sites determination assay

cells were suspended in a standard sodium acetate

buffer (pH 4.5, 0.1 M with 1.0 mM CaGl and
5% ethanol. Flocculation rates were measured
using cell suspensions of 10 -10 cellsthl . The

Ligand density was determined by using Alexa
Flour™ 488 conjugate concanavalin-A probe
(Molecular Probe, Inc., Eugene, OR, Us/Atock

deflocculated suspensions were loaded onto thesolutions of 0—20wg ml~ of the probe were

flat plate of a Bohlin VOR rheometetBohlin
Instruments, Cranbury, NJ, USAwith a 5, 3.0

prepared in the standard sodium acetate biffer
45, 0.1 M with 1.0 mM CaGl and 5% ethanol

cm diameter cone. All samples were sheared at An amount of 2900l of yeast suspension

9.21 s* and 15C for up to 30 min in duplicate.

(1x10° mlI~Y) in the desired buffer was added

Temperature and shear rates were varied from 5 tointo 4-sided clear cuvettd&isher Scientific, Whit-

45 °C and 5.95 to 223 s . At set periods, a

by, ON), then 100wl of the probe was added. The

sample was carefully taken and the number con- syspension was mixed well and incubated at 20

centration of flocs was countedN,) using a

°C for 30 min, covered by aluminum foil to avoid

hemocytometer. With these data, the orthokinetic |ight. The cuvette was centrifugd@entra-MP4R,

capture coefficient$a,) were calculated from Eq.
(2), the modified von Smoluchowski equation
[13].

2.6. Zymolectin determination assay

The original zymolectin sites determination
method using FITC-avidin fluorescent probe
(Molecular Probes, Inc., Eugene, OR, UBWas
described by Patelakis et 46]. This method was
performed with minor modifications. Stock solu-
tions of 0 to 200wg ml~* of the probe were
prepared in the standard sodium acetate biffer
45, 0.1 M with 1.0 mM CaGl and 5% ethanol
A 100+l aliquot of the stock solutiorfinstead of
20 wl) was added into 4-sided clear cuvettes
(Fisher Scientific, Whitby, OM then 2900u. of
the yeast suspensi@ X 10° mI~?) in the standard

buffer was added. The suspension was mixed well,

and centrifuged(Centra-MP4R, IEC. Needham
Heights, MA, USA at 1240x g for 3 min. Fluo-

IEC Needham Heights, MA, USpat 1240x g for

3 min. Fluorescence intensity measurement of the
supernatant was performed at 20 and an exci-
tation wavelength of 495 nm and emission wave-
length of 520 with 10-nm slit widths with a
spectrophotofluorimeter (described previous)y
Langmuir analysis was used to calculate ligand
density.

3. Results and discussion

3.1. Orthokinetic flocculation

The orthokinetic flocculation of yeast cells was
examined at an initial stage during shearing flow.
A semi-logarithmic decline in the number of flocs
was observed during the shearing. The modified
von Smoluchowski equation, Eq2), was fit to
the data and orthokinetic capture coefficients
calculated.

rescence intensity measurements of supernatant

fluid were performed at an excitation wavelength
of 495 nm and an emission wavelength of 520 nm
with 10 nm slit widths with a spectrophotofluori-
meter (LS 50, Perkin—Elmer Ltd., Beaconsfield,
Buckinghamshire, UK The non-specific binding
of probe(background was determined under addi-
tion of 10 mM EDTA in the standard buffer.

3.2. Effect of shear rates on capture coefficients

As one might expect, elevating the shear rate
lowered the capture coefficients of Flol LCC1209
and NewFlo LCC125 strains. Fig. 1 shows the
linear relationship between the capture efficiency
of Flol cells, NewFlo cells, and polystyrene
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Fig. 1. Effect of shear rate on capture coefficients of Flol
LCC1209, NewFlo LCC125 and polystyrene microspheres at
a temperature of 18C. Values are given as mean$.D.
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3.3. Effect of temperature

The capture coefficients of Flol and NewFlo
cells were significantly influenced by temperature
(5-45°C) as illustrated in Fig. AP<0.01 and
P<0.001, respectively The capture efficiency of
both Flol and NewFlo strains increased at higher
temperature, and the same trend was found after
treating both strains with pronase. The reason for
the increase inxg may be due to conformational
changes in the zymolectin—carbohydrate binding
sites andor increased hydrophobic interactions.
Elevating temperatures did not significantly change
capture coefficient values of polystyrene latex
(P>0.05).

3.4. Effect of pronase treatment

From examination of the flocculation behavior
of the Flol and NewFlo cells in Fig. 1, it is clearly
that pronase substantially reduced flocculation
(P<0.00D. This finding agrees with previous
studies[25]. Presumably, the proteins on the cell
surface were degraded by the protease, preventing
receptor—ligand binding.

In the absence of zymolectins one might expect
the o values of pronase treated cells to approxi-
mate polystyrene values. However, the capture
coefficient of polystyrene microspheres was much
lower than that of both yeast strains, whether
treated with pronase or not. While non-specific
forces involved in the interactions between poly-
styrene microspheres and pronase treated cells
(hydrophobic interactions, van der Waals attrac-
tion, or electrostatic forcgesmight be expected to
be similar this is clearly not the case. One possible
reason might be that the protease did not complete-
ly break down proteins involved in zymolectin
binding.

microspheres, and the reciprocal of shear rate. The3-5. Orthokinetic capture efficiency: theory vs.

capture efficiency of pronase-treated cells of both

experimental results

strains was also reduced when the shear rate was
increased. These results indicate that the capture The experimental orthokinetic capture efficiency

efficiency is directly proportional to the inverse of

of Flol LCC1209 and NewFlo LCC125 was cal-

shear rate at low shear rates as predicted by Eg.culated from the modified von Smoluchowski

(5).

equation, Eq.(2) as discussed previously. The



52

J.W. Hsu et al. / Biophysical Chemistry 94 (2001) 47-58

0.35
—e—Flol

0.30 —o— Pronase-treated Flo1
-
£025 -
2
£020
7}
=]
L0.15 4
g
20.10 A
5
0 0.05

0.00 T T \

0 10 20 30 40 50
0.20
o NewFlo
o Pronase treated NewFlo

= 0.15
=
[
2
g
S 0.10 4
Q
£

0.05 4
g
)

0.00 T

0 10 20 30 40
0.100
—e— Polystyrene

£ 0.080
o
;g
% 0.060
=]
<
£ 0.040
2
=3
]
O 0.020

0.000

s

Fig. 2. Effect of temperature on capture coefficients of Flol
LCC1209, NewFlo LCC125 and polystyrene microspheres at
9.27s?t.

theoretical capture efficiency of both strains was
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Values are given as mearS.D.
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estimated from the theory of Long et &l].
To test Long's theory zymolectin and ligand and(8.92+5.91) x10* wm~2. These data are used

densities of both yeast strains were determined later in prediction of theoreticak, values. After

experimentally. Estimation of the contact area applying the pronase treatment, the zymolectin

between two particlesi.e. cell9 and the forward

50

kinetic rate constant was then undertaken to cal-
culate theoretical capture coefficients.

3.6. Receptor and ligand densities of yeast cells

In the literature, the distinction between recep-
tors and ligands is ambiguous, especially when
classifying lectins and carbohydrates. Béll5]
mentioned that a carbohydrate is a receptor and a
lectin is a ligand. Goldstein and Pord@6] stated
that a lectin, such as Con A, binds to carbohydrate
ligands. Stratford and AssinddR7] stated that
receptors of flocculation lectins are sugars. Before
further examination of the zymolectin—carbohy-
drate interactions, the usage of ‘receptor’ and
‘ligand’ needs to be clarified. In general, a ligand
is a low molecular weight molecule that exhibits
specific binding to a high molecular weight mol-
ecule site(e.g. proteing [28]. With lectin and
sugar interactions, the lectin is the receptor while
the sugar is the ligand. In yeast, zymolectins are
defined as ‘cell-wall anchored, proteinaceous,
mannose or gluco-mannose receptdés7]. Clear-
ly zymolectins are the receptors and carbohydrate
residues serve as the ligands, even though they are
attached to the mannan backbone on yeast cell
surfaces.

The zymolectin hypothesis has become an
important tenet of yeast flocculation since the
1980s [8]. Non-reducing termini ofa-1,3-linked
mannoside branches, two or three mannopyranosyl
residues in length are expected to act as ligands
for zymolectin binding of both Flol and NewFlo
strains[27].

The density of zymolectin receptors and carbo-
hydrate ligands affect the probability of cell adher-
ence after a collision. According to Long et al.
[1], two-body capture efficiency increases when
there are more receptors or ligands on the cell
surfaces. The zymolectin densities of Flol
LCC1209 and NewFlo LCC125 cells were
(2.63+£0.79 x10° and(1.00+0.49 X 10° pm~3;
whereas, the apparent carbohydrate densities of
Flol and NewFlo cells werd8.83+1.99 x 10

density of Flol cells was significantly reduced
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[(0.534+0.16) X 10° wm~2; P<0.09, but not zym-  3.8. Estimation of forward kinetic rate coefficient
olectin density of NewFlo cells

[(0.65+0.25 xX10° um~?; P>0.04. The appar- The forward rate coefficientk;) is also very

ent carbohydrate densities of both strains did not difficult to determine[19]. The forward rate coef-
significantly change after pronase treatment was ficient decreases as applied force increases, due to

applied(P>0.05). higher rates of shear increasing the average force
o acting on the bondq1,34. This coefficient is
3.7. Estimation of contact area dependent on the attachment time of receptor—

. ligand bonds and the ligand densiti¢85,34.

The contact area sizel.) cannot be controlled  Cozens-Roberts et al35] have indicated that the
by an experimenter, since it varies in the cell forward rate coefficient of cells ranged from
system. Contact area estimation is traditionally 10-6 to 1 pm? st [37-39. In experimental
difficult [19]. I__ong et al.[1] and Goldsmith et al. modeling of a receptor-ligand system, Cozens-
[29] hypothesized that the contact area of a spher- Roberts et al{36] assumed that the forward rate
ical particle is equal to 2rh where h is the coefficient was 2.3%10°7 um? s . The mean
‘contact zone’ of the particle. Using this theory, forward rate coefficient determined by Long et al.
the length of a zymolectin was assumed equal to [1] from Kwong et al.[40] data was equal to
the length of Flolg(1537 amino acids lon¢30]) 8.38x10°7 um? s ! (between 1.X10 ¢ um?2
minus the cell wall thickness(25-200 nm s ! at low shear rates, and 2.270"7 um? s *
[31,32). Thus, feasibles values of Flol and  at high shear ratgs In our estimations a mean
NewFlo cells were approximately equal to forward rate coefficient of 8.38107 pm? s™*
5X107° to 1X10~° pm, respectively. Therefore, was used to calculate the theoretical yeast cell
the contact area@naximum of Flol and NewFlo  capture coefficient.
cells were estimated to be 2®&0° and

2-3_>< 10__4 pm?. This methoq of contact area 3.9, Estimation of orthokinetic capture coefficient
estimation assumes that the ligands and receptors

are flexible enough to form bonds within the  Thggretical orthokinetic capture coefficients of
contact area. o Flol LCC1209 and NewFlo LCC125 can be esti-

The problem of estimating the contact area yateq by Eq(5) using four main assumptions:
between two yeast cells is that both receptors and 1 yeast cells are spheres;

ligands are present on each cell. This is a different 5 {he minimum contact area is equal to the area
situation from an antigen—antibody bond where of two sugar binding sites of Con A:
antibodies and antigens are present on differents o qoublets are split during the contact time

cells. Jin [23] assumed that the zymolectin is (i.e. the reverse rate coefficient is negligile
monovalent. If this assumption is true, it may be and

that the ‘true’ contact area is much smaller than 4 ¢oward rate coefficient is equal to the mean
calculated above and is closer to the area of a  forward rate coefficient determined by Long et
zymolectin binding site. Unfortunately, the exact al. [1] and Kwong et al[40].

dimension and shape of zymolectin are still

unknown. Since Con A is a well-studied lectin Using these assumptions, Fig. 3 illustrates both
which also binds to mannose and glucose residues,the theoreticalfrom receptor—ligand theojyand

the Con A binding site area was used as an experimentally determined orthokinetic capture
approximate value of the contact area of flocculat- coefficients of both Flol and NewFlo strains.

ing yeast cells. The dimensions of a subunit of Table 1 shows both the experimental and pre-
Con A is approximately 4.210°3 um high, dicted capture coefficients calculated frobath
4.0x10°3 wm wide, and 3.x10°3 pum thick minimum and maximum contact areas discussed
[33]. Hence, the carbohydrate binding site could earlier. From Eq(5) one would expect the capture
be assumed as 2410 ° um?2, efficiency should approach nearly zero when shear
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Fig. 3. Comparison of the theoretical and experimental orthok-
inetic capture coefficients ofa) Flol LCC1209 and(b)
NewFlo LCC125 cells.

rate is infinite, but in Fig. 3, when shear rate
reached infinity, there was a minimum value for
capture efficiencyi.e. at the intercept This value
could be caused by other forces involving in
colloidal interactions, such as non-specific electro-
static forces and hydrophobic interactions. The
receptor—ligand theory was maodified to fit yeast
cells:
K

0= ?Acmrmlkf‘F Omin (7
where a,, is the minimum of capture coefficient
as the shear rate approaches infinity. Thg,

J.W. Hsu et al. / Biophysical Chemistry 94 (2001) 47-58

rate independent. Thex., values could also
depend on other forces, such as hydrophobic inter-
actions, whose hydrodynamic behavior is poorly
understood.

Minor DLVO forces might be involved in yeast
flocculation along with the zymolectin—carbohy-
drate interactions. The Flol cells were found to
have more negatively charged groups on the cell
surface than the NewFlo celld1]. The theoretical
values of the DLVO capture coefficieil2] can
be estimated using the cell surface charge infor-
mation. Speers et al25] reported that a flocculent
ale strain at pH 4.0 has zeta potential ranging from
—2to —5 mV, whereas Smart et di2] reported
a zeta potential of~42 mV for a brewing strain
(KS1, formerly BBS. Most zeta potentials of yeast
cells range from—4 to —40 mV [41-44. Dimen-
sionless attractivéC,) and repulsive(Cg) forces
[13] could be determined assuming ‘typical’ par-
ametersA=2.5x10"2* J,=1.0 mPas, ==
4 or 40 mV, e=81 andg,=8.85x10"% J1 C
m~1 [10]):

A
Ca= 36mmyre ®)
_ 2eg)°
R — 31]’-yr2 (9)

where A is the Hamaker factorm is viscosity of
the medium, e is the dielectric constant of the
medium, &, is permittivity of free space and is
the surface potentiataken to be{ the zeta
potentia). Using Duszyk's method12], approxi-
mate DLVO capture coefficient&x, 5 vo) of Flol
and NewFlo cells at various shear rates were
calculated as summarized in Table 1. Td&s vo
values of Flol and NewFlo cells ai=4 mV
ranged from 0.06 to 0.14; whereas thgp vo
values of both cells at=40 mV were negligible
due to the high values of {C(strong repulsive
forces.

By use of Eq.(7), the theoretical and experi-
mental data of the Flol strain agreed. The theoret-

values may be dependent on non-specific attractiveical values of NewFlo also seemed to agree with
and repulsive forces between cells. Non-specific the experimental data. Thg,,, values of Flol and
attractive and repulsive forces of the cells decreaseNewFlo (0.0578 and 0.0184, respectivelyvere

when elevating shear rate, however their rdtie.
the attractive and repulsive forgemay be shear

close towag pvo Values; hence, the DLVO forces
might also play a minor role in yeast flocculation.
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Table 1

55

Experimental, predicted and DLVO capture coefficients of Flol LCC1209 and NewFlo LCC125 cells at various shear rates

Strain Shear rate  Experimentaly, Measureda k* a, from receptor—ligandi] Qo pLvo”
(s (N=2) (pm*s™) theory’
A (min) Ac (max) b=4mV =40 mV
Flol 5.85 3.13#0.19x10°* 2.49x 1071 251x10°* 8.15x107* 0.140 <0.000
9.27 1.99+0.12x10* 2.53x1071* 1.58x107* 5.14x107* 0.130 <0.000
46.3 9.32+3.30x10°2 5.91x10°** 3.17x10°2 1.03x107? 0.100 <0.000
117 8.78+0.85x 102 1.41x10°1° 1.25x1072 4.08x107? 0.085 <0.000
147 5.24+2.78x10°2 1.06x10°1° 9.98x 1073 3.24x10°2 0.084 <0.000
185 7.61+0.75x 102 1.93x1071° 7.93x1073 2.58x1072 0.082 <0.000
233 5.06+2.82x 102 1.62x10°1° 6.30x10°3 2.05x 102 0.080 <0.000
NewFlo 5.85 3.1%#0.11x10°1 2.31x1071 9.63x 1072 9.23x1071 0.112 <0.000
9.27 2.10+0.05x10°* 2.27x107 1 6.08x 102 5.83x10°* 0.105 <0.000
46.3 9.32+0.28x1072 3.90x 107 1.22x1072 1.17x1071 0.085 <0.000
117 8.78+1.73xX10°2 9.60x10°* 4.82x1073 4.62x1072 0.070 <0.000
147 5.24+0.12x 1072 1.50x 101 3.83x107°3 3.67x1072 0.068 <0.000
185 7.610.01x1072 1.43x1071° 3.05x10°° 2.92x1072 0.063 <0.000
233 5.06+0.27x 102 1.74x10°1° 2.42x1073 2.32x1073 0.061 <0.000

Note. Experimentala, values were measured at 16; Flol: Cr/C,=2.13X10° aty=4 mV and=2.13x10° aty=40 mV,
NewFlo: Cr/Ca=4.45x10° atyy=4 mV and=4.45x10° atyy=40 mV.

aMeasuredd k; was calculated from Ed5).

b Receptor—ligand capture coefficients were calculated assubning.38x 10”7 pm?-s~, A, (min)=2.4x10"5 um?, A, (max)
for Flo1=7.8x10"° um? andA, (max) for NewFlo=2.3x10"% wm?. A, (min) was estimated from Con A binding site area, while

A. (max) was estimated from the ‘contact zone’ of the particle.

g pLvo IS Values are approximate values from Fig. 3 in Duszyk and Doroszdd@ki

If the modified receptor—ligand interaction
equation, Eq(7), is valid and experimental capture
coefficients determined from von Smoluchowski
theory are also correcj k; values can be deter-
mined. The Experimental value dfk; of Flol is
equal to 1.9& 10~ um*s~1, and that of NewFlo
is equal to 5.5% 102 um* s™!; whereas assum-
ing A; of 2.4Xx10°° wm? and k; of 8.38x10°7
wm? s71 leads toAk; values of 2.0x10° !
wm* st for both strains.

Chesla et al.[19] found thatAk; is equal to
(2.62+0.32x1077 um* s™1 for the CD16A-
higG interaction and5.7+0.3D) X107 pm* s ?*
for the CD16A-rigG interaction. The CD16A-higG
and CD16A-rigG interactions are protein—protein
interactions with antigen—antibody bonding. The
reasons for the large difference in tAgk; values

one can expect thatk; values may be different
from those reports based on antigen—antibody
bonding. Finally, the forward reaction rate may
also be lower in this system than the antigen—
antibody interactions studied by Long et Hl].

Fig. 4 illustrates the maximum and minimum
predicted capture efficiency range of both Flol
and NewFlo strains with experimental and predict-
ed DLVO capture coefficients. The shaded area
represents the possible values from the receptor—
ligand binding theory[1], using values predicted
from the maximum and minimum contact areas
discussed and reported earlier in Table 1. The
experimental capture coefficients were closer to
the minimum predicted values. Hence, the contact
area between the cells could be equal to the size
of the zymolectin binding area. The experimental

are not clear. It is possible that electrostatic repul- «, values of Flol at lower shear ratés<46.3

sion, surface roughness or a very short zymolectin s™*) fall in this range. However, agreement
length may result in very small effective contact between theory and experiment fails at high shear
areas. Since zymolectin—sugar interactions in yeastrates where zymolectin binding is not expected to
flocculation are protein—carbohydrate interactions, occur [11]. The receptor—ligand binding theory
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Fig. 4. Maximum and minimum predicted, experimental and
DLVO capture coefficients of(a) Flol LCC1209 and(b)
NewFlo LCC125 cells. Shaded ar@ ' the possible values
for the theory of Long et alf1].

might govern the main interactions of Flol cells
under shearing flow at low shear rate. The pre-
dicted DLVO «, values of Flol were close to the
experimental values at high shear rates. Since the
predicted DLVO capture coefficients of NewFlo
strain were greater than the experimental values,
DLVO forces might not be major forces involved
in flocculation of NewFlo cells under shearing
flow. On the other hand, DLVO forces might play
a role in flocculation of Flol strain in laminar
flow.

4, Conclusions

The colloidal interactions of brewing yeast cells
are governed by complex mechanisn The phe-

J.W. Hsu et al. / Biophysical Chemistry 94 (2001) 47-58

nomenon of yeast flocculation involves several
different forces: zymolectin—carbohydrate interac-
tions; hydrophobic interactions; and electrostatic
forces. Examining the behavior of yeast cells from
a colloidal and a biophysical point of view can

help us to understand the mechanism of yeast
flocculation.

The rate of yeast flocculation is governed by
von Smoluchowski theory. The antigen—antibody
binding theory of Long et al[1] is useful to help
understand yeast flocculation, but cannot be direct-
ly applied to the complex process of yeast floc-
culation. It is not unreasonable to assume that
more than one type of force may be involved in
yeast flocculation. A new semi-empirical model
was proposed to explain yeast flocculation under
shearing flow.

Determination of the forward rate coefficient of
yeast cells would be a key in assisting future
investigations of brewing yeast flocculation.
Knowing the length of zymolectins and the surface
architecture of zymolectin—carbohydrate interac-
tions is also required to estimate a more accurate
contact area between cells. Determination of quan-
titative surface charge valudsr zeta potentials
will also help to develop a model describing yeast
flocculation in the future.

Acknowledgements

The authors would like to thank I. Russell and
J. Sobczak from Labatt Breweries of Canada for
providing yeast cultures. This study was funded
by the Natural Sciences and Engineering Research
Council of Canaddto RAS and ATB and by the
Faculty of Graduate Studies Scholarship, Dalhou-
sie University.

References

[1] M. Long, H.L. Goldsmith, D.F.J. Tees, C. Zhu, Probabi-
listic modeling of shear-induced formation and breakage
of doublets cross-linked by receptor—ligand bonds, Bio-
phys. J. 76(1999 1112-1128.

M. Stratford, Yeast flocculation: restructuring the theories
in line with recent research, Cerevisia 21996) 38-45.
B.L.A. Miki, N.H. Poon, A.P. James, V.L. Seligy, Possible
mechanism for flocculation interactions governed by gene
FLO1 in Saccharomyces cerevisiae, J. Bacteriol. 150
(1982 878-889.

(2]
(3l



(4]

(5]

(6]

(7]

(8l
(9]

(10]

(1]

[12]

(13

[14]

(18]

[16]

(17)

(18]

[19]

(20]

[21]

J.W. Hsu et al. / Biophysical Chemistry 94 (2001) 47-58

B.L.A. Miki, N.H. Poon, A.P. James, V.L. Seligy, Repres-
sion and induction of flocculation interactions Suc-
charomyces cerevisiae, J. Bacteriol. 150(1982 890—
899.

R.A. Speers, M.A. Tung, T.D. Durance, G.G. Stewart,
Biochemical aspects of yeast flocculation and its meas-
urements: a review, J. Inst. Brew. 98992 293-300.
S.J.J. Patelakis, L.L. Ritcey, R.A. Speers, Density of
lectin-like receptors in the FLO1 phenotype Sifcchar-
omyces cerevisiae, Lett. Appl. Microbiol. 26(1998 279—
282.

R.A. Speers, L.A. Smart, R.J. Stewart, Zymolectins in
Saccharomyces cerevisiae, J. Inst. Brew. 1041998 298.
Y-L. Jin, R.A. Speers, Flocculation afaccharomyces
cerevisiae, Food Res. Int. 311999 421-440.

R.A. Speers, M.A. Tung, T.D. Durance, G.G. Stewart,
Colloidal aspects of yeast flocculation: a review, J. Inst.
Brew. 98(1992 525-531.

R.A. Speers, Rheological and Colloidal Properties of
Commercial Brewing Yeast Suspensions. Ph.D. Thesis,
Department of Food Science. University of British
Columbia(1997).

R.A. Speers, T.D. Durance, M.A. Tung, J. Tou, Colloidal
properties of flocculent and nonflocculent brewing yeast
suspensions, Biotechnol. Prog(9993) 267-275.

M. Duszyk, J. Doroszewski, Poiseuille flow method for
measuring cell-to-cell adhesion, Cell Biophys(B86)
119-131.

T.G.M. van de Ven, S.G. Mason, The microrheology of
colloidal dispersions. VII. Orthokinetic doublet formation
of spheres, Colloid Polymer Sci. 283977 468-479.

M.V. von Smoluchowski, Versuch einer mathematischen
theorie der koagulations-kinetik kolloider losungen, Z.
Physic. Chem. 921917) 129-168.

G.l. Bell, Models for the specific adhesion of cells to
cells, Science 2001979 618—627.

G.l. Bell, Estimate of the sticking probability for cells in
uniform shear flow with adhesion caused by specific
bonds, Cell Biophys. 1981 289-304.

I.J. Goldstein, C.H. Hughes, M. Monsigny, T. Osawa, T.
Sharon, N. Sharon, What should be called a lectin?,
Nature. 285(1980) 66.

D.A. McQuarrie, Kinetics of small systems I, J. Chem.
Physics. 381963 433-436.

S.E. Chesla, P. Selvaraj, C. Zhu, Measuring two-dimen-
sional receptor—ligand binding kinetics by micropipette,
Biophys J. 75(1998 1553-1572.

R.J. Stewart, |. Russell, G.G. Stewart, Characterization
of affinity-purified cell wall-binding proteins ofacchar-
omyces cerevisiae. possible role in flocculation, J. Am.
Soc. Brew. Chem. 581995 111-116.

R.A. Speers, T.D. Durance, M.A. Tung, Rheology of
food, pharmaceutical and biological materials, in: R.E.
Carter (Ed), Flow Behavior of Commercial Brewing
Yeast Suspensions, Elsevier, London, 1990, p. 74.

[22]

(23

(24]

[25]

(28]

[27]

(28]

[29]

(30]

(31]

(32

(33

[34]

(35

57

American Society of Brewing Chemists, Method of
analysis 8th ed. Yeast 4, American Society of brewing
Chemists, St. Paul, 1992.

Y-L. Jin, Flocculation of brewing yeast: Effects of Zym-
olectin, Cell Surface Hydrophobicity and Environmental
Factors. M.Sc. Thesis. Department of Food Science and
Technology. Dalhousie Universit§1999).

J.A. Hodgson, D.R. Berry, J.R. Johnston, Discrimination
by heat and proteinase treatments between flocculent
phenotype conferred oBaccharomyces cerevisiae by
genes FLO1 and FLOS5, J. Gen. Microbiol. 181985
3219-3227.

R.A. Speers, T.D. Durance, P. Odense, S. Owen, M.A.
Tung, Physical properties of commercial brewing yeast
suspensions, J. Inst. Brew. 99993 159-164.

I.J. Goldstein, R.D. Poretz, The lectins: properties, func-
tions, and applications in biology and medicine, in: I.E.
Liener, N. Sharon, I.J. GoldsteifEds), Isolation, Phys-
icochemical Characterization, and Carbohydrate-Binding
Specificity of Lectins, Academic Press, Inc, Orlando,
1986, p. 35.

M. Stratford, S. Assinder, Yeast flocculation: Flol and
NewFlo phenotypes and receptor structure, Yeast 7
(1991 559-574.

L.M. Prescott, J.P. Harley, D.A. Klein, Microbiology, 3rd
ed., in: L.M. Prescott, J.P. Harley, D.A. Klei(Eds),
Symbiotic Associations: Parasitism, Pathogenicity, and
Resistance, W.C. Brown Publishers, Toronto, 1996, pp.
561-584.

H.L. Goldsmith, F.A. Mcintosh, J. Shahin, M.M. Fro-
jmovic, Time and force dependence of the rupture of
glycoprotein lib—Illa-fibrinogen bonds between latex
spheres, Biophys. J. 72000 1195-1206.

J. Watari, Y. Takata, M. Ogawa, H. Sahara, S. Koshino,
M.L. Onnela, U. Airaksinen, R. Jaatinen, M. Pentila, S.
Keranen, Molecular cloning and analysis of the yeast
flocculation gene FLOL1, Yeast 11994 211-225.

M. Stratford, Another brick in the wall? Recent devel-
opments concerning the yeast cell envelope, Yeast 10
(1994 1741-1752.

G.G. Stewart, |. Russell, An Introduction to Brewing
Science & Technology Series Ill Brewer's Yeast, The
Institute of Brewing, London, 1998.

N. Sharon, H. Lis, Lectin, Chapman and Hall Ltd, New
York, 1989.

A. Pierres, AM. Benoliel, P. Bongrand, A.
van der Merwe, The dependence of the association rate
of surface-attached adhesion molecules CD2 and CD48
on separation distance, FEBS Lett. 40397 239-244.

C. Cozens-Roberts, D.A. Lauffenburger, J.A. Quinn,
Receptor-mediated cell attachment and detachment kinet-
ics. |. Probabilistic model and analysis, Biophys. J. 58
(1990 841-856.



58

[36]

(37

(38

(39

[40]

J.W. Hsu et al. / Biophysical Chemistry 94 (2001) 47-58

C. Cozens-Roberts, J.A. Quinn, D.A. Lauffenburger,
Receptor-mediated cell attachment and detachment kinet-
ics. Il. Experimental model studies with the radial-flow
detachment assay, Biophys. J. @990 857-872.

D. Lauffenburger, C. Delisi, Cell surface receptors:
physical chemistry and cellular regulation, Int. Rev.
Cytol. 84 (1983 269-302.

FW. Wiegel, Cell surface dynamics: concepts and mod-
els, in: A.S. Perelson, C. Delisi, FW. Wieg€Eds),
Diffusion of Proteins in Membranes, Marcel Dekker, Inc,
New York, 1984, p. 135.

L.A. Sklar, Real-time spectroscopic analysis of receptor
—ligand dynamics, Ann. Rev. Biophys. Chem. (i®87)
479-506.

D. Kwong, D.FJ. Tees, H.L. Goldsmith, Kinetics and
locus of failure of receptor—ligand-mediated adhesion

[41]

[42]

(43

[44]

between latex spheres. Il. Protein—protein bond, Biophys.
J. 71(1996 1115-1122.

J.W-C. Hsu, Colloidal Interactions of Brewing Yeast
Cells. M.Sc. Thesis, Department of Food Science and
Technology. Dalhousie Universit2000).

K.A. Smart, C.A. Boulton, E. Hinchliffe, S. Molzahn,
Effect of physiological stress on the surface properties of
brewing yeasts, J. Am. Soc. Brew. Chem. @395 33—

38.

D.E. Amory, P.G. Rouxhet, Surface properties Safc-
charomyces cerevisiae and Saccharomyces carlsbergen-

sis: chemical composition, electrostatic charge and
hydrophobicity, Biochim. Biophys. Acta 938988 61—

70.

P.B. Dengis, L.R. Nelissen, P.G. Rouxhet, Mechanisms
of yeast flocculation: comparison of top- and bottom-
fermenting strains, Appl. Environ. Microbiol. 601995
718-728.



	Modeling of orthokinetic flocculation of Saccharomyces cerevisiae
	Introduction
	Materials and methods
	Yeast strains
	Polystyrene microspheres
	Yeast preparation
	Treatment with pronase
	Determination of orthokinetic flocculation
	Zymolectin determination assay
	Ligand sites determination assay

	Results and discussion
	Orthokinetic flocculation
	Effect of shear rates on capture coefficients
	Effect of temperature
	Effect of pronase treatment
	Orthokinetic capture efficiency: theory vs. experimental results
	Receptor and ligand densities of yeast cells
	Estimation of contact area
	Estimation of forward kinetic rate coefficient
	Estimation of orthokinetic capture coefficient

	Conclusions
	Acknowledgements
	References


