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Abstract: Adsorption characteristics of native and cross-
linked lysozyme crystals were examined using fluorescein
as model adsorbate. The adsorption isotherms exhibited
Langmuir or linear behavior. The affinity constant (b;) and
the adsorption capacity (Qs,;) for fluorescein were found
to depend on the type and concentration of co-solute pres-
ent in the solution. The dynamics of adsorption isotherm
transition from Langmuir to linear showed that affinity of
lysozyme for solutes increases in the order 2-(cyclohexyl-
amino)ethanesulphonic acid (CHES), 4-morpholinepropane-
sulphonic acid (MOPS), acetate, fluorescein. Furthermore,
the crystal morphology, the degree of cross-linking of the
crystals, and, in particular, solution pH were identified as
factors determining fluorescein adsorption by the lysozyme
crystals. These factors seem to affect crystal capacity for
the solute more than affinity for the solute. Adsorption
of fluorescein by cross-linked tetragonal lysozyme crys-
tals was exponentially dependent on the lysozyme net
charge calculated from the final solution pH. The 3 -5-fold
increase in the fluorescein adsorption as a result of cross-
linking is presumably due to the increasing hydrophobicity
of the lysozyme crystal. © 2004 Wiley Periodicals, Inc.
Keywords: lysozyme crystals; adsorption; distribution;
fluorescein; cross-linking

INTRODUCTION

Protein crystals are characterized by their mesoporic mor-
phology, with a porosity content ranging from 25-60%
(Matthews, 1968), pore diameters in the range of 0.5—-10 nm
(Matthews, 1968; Vilenchik et al., 1998), pore volume of
0.9-3.6 mL g_1 (Vilenchik et al., 1998), and a total surface
area of 800—3,000 m? gf1 (Morozov et al., 1995; Vilenchik
et al., 1998). They are used for studying the mechanisms by
which ligands bind to protein molecules and catalyze reac-
tions, and for studying transport processes that might cause
differences between the properties of crystalline and dis-
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solved proteins (Rupley, 1969). Cross-linked protein crys-
tals may find a broad range of applications in biocatalysis
(Margolin and Navia, 2001; St Clair and Navia, 1992), in
medical formulations, in detergents (Margolin and Navia,
2001), in separation processes such as chromatography
(Vilenchik et al., 1998), and in biosensors (Morozov and
Morozova, 1992).

The wide range of potential applications of protein crys-
tals is a result of the protein crystal’s molecular nature and
crystal characteristics. For development of any of the pro-
tein crystal applications, full understanding of either would
be highly beneficial for performing protein engineering and
crystal engineering in order to develop improved products.
Crystal engineering includes crystallization and crystal sta-
bilization by cross-linking with bifunctional agents, and will
affect the specific crystal shape, pore distribution and
connectivity, charge distribution, and accessibility of ac-
tive sites.

In the application of protein crystals, the equilibrium and
rate of adsorbate uptake by and release from protein crystals
plays a major role. Therefore, adsorption and diffusion are
equally important in their influence of the net transport
process. Diffusion of solutes in protein crystals has been the
subject of several studies (Bishop and Richards, 1968; Botin
and Morozov, 1985; Cvetkovic et al., 2004; Granick, 1942;
Kachalova et al., 1995; O’Hara et al., 1995; Velev et al.,
2000). Some of these studies suggested a high influence of
adsorption on transport rates but did not investigate ad-
sorption equilibria separately from diffusion rates (Botin
and Morozov, 1985; Velev et al., 2000).

Some isolated adsorption studies exist. Gevorkyan and
Morozov (1983) investigated hydration and dehydration of
cross-linked lysozyme crystals in air saturated with water
vapor and at low humidities found a Langmuir adsorption
isotherm. The electrophoretic mobility of NaCl, NaNOs,
and NaSCN adsorbed by tetragonal lysozyme crystals from
aqueous solutions was highly dependent on solution pH and
ionic strength (Lee et al., 2001). There is no reported
literature on solute adsorption equilibria for other protein



crystals. Thus, understanding of solute adsorption by protein
crystals is still in its infancy. The aim of this study is to
clarify the influence of several variables on solute adsorp-
tion by lysozyme crystals. The variables that will be inves-
tigated are solution pH, co-solute type and concentration,
and cross-linking.

In the experiments, the type of solute (fluorescein), pro-
tein (lysozyme), and solvent (water) were fixed. As men-
tioned before, understanding of adsorption as well as
diffusion of solutes is important for application of pro-
tein crystals as a separation material. Therefore, we carried
out the present adsorption studies using a model solute
(fluorescein) for which diffusion in protein crystals has
been studied (Cvetkovic et al., 2004). Chicken egg-white
lysozyme was chosen as the model protein because the
crystals can be obtained easily and reproducibly, and be-
cause the properties and morphologies of these crystals are
well known. Lysozyme crystallizes in four different crys-
tal morphologies (Table I). The native crystal’s chemical
and mechanical stability is very low; therefore, cross-
linking with various bifunctional agents is required for
most applications.

To be able to compare adsorption equilibria for native
and cross-linked crystals, experiments were performed
using fluorescein dissolved in the mother liquor of the pro-
tein crystallization; otherwise, the native crystals would not
be stable. Consequently, the initial aqueous phase compo-
sition was different for each crystal morphology. Cross-
linked lysozyme crystals, however, are stable and were used
to determine the influence of the initial aqueous phase com-
position on solute uptake. The cross-linked tetragonal ly-
sozyme morphology was used as the base case.

MATERIALS AND METHODS

Crystallization and Cross-Linking
of Lysozyme Crystals

Chicken egg-white lysozyme was obtained from Sigma (St.
Louis, MO; no. L-6876; 95% purity; M = 14,307 g.mol_l)
and was used without further purification. Four different
morphologies of lysozyme crystals (Table I) were grown.
Triclinic (P;) and monoclinic (P2;) lysozyme crystals were
grown according to the method developed by Steinrauf
(1959) in 30 gL' and 2 gL' aqueous sodium nitrate,
respectively, containing 10 g.L_1 lysozyme at pH 4.5.

Table I. Conditions used for the crystallisation of different lysozyme
crystal morphologies.

Tetragonal lysozyme crystals (P432,2,) were grown ac-
cording to a modification of the procedure described by
Feher and Kam (1985). Crystallization solution was pre-
pared from 0.1 mol.L™' sodium acetate buffer with
~6 gL ™" of sodium chloride and 1.5 g.L™" lysozyme at
pH 4.5. Orthorhombic lysozyme crystals (P2,2,2;) were
grown using the same procedure as for the crystallization of
the tetragonal morphology but the pH was adjusted to 10 by
the addition of 1 mol.L™" sodium hydroxide.

The above-mentioned solutions were filtered using
Schleicher & Schuell (Germany) syringe filters with a cut-
off value of 200 nm for sterility and distributed into several
glass or plastic vials or tubes. These were closed to allow
crystallization by the batch method for 2—14 days. Proper-
ties of the crystals are presented in Table I.

Several homo- and heterobifunctional agents have been
used for cross-linking of the protein crystals (Margolin and
Navia, 2001). Glutaraldehyde was chosen by us because it
was the reagent of choice in many applications for fast
and dependable protein immobilization (Walt and Agayn,
1994). It is inexpensive, readily available, and easy to use.
Unless indicated otherwise, the native and cross-linked
forms of a particular crystal morphology originated from
the same crystallization solution. One day before the ad-
sorption experiments, one of the tubes was taken apart for
cross-linking of the crystals. The mother liquor was
decanted up to the top level of the crystals. A 25% glu-
taraldehyde solution was added until the concentration in
the vial was 5% (v/v). After sealing, the mixture was kept
unstirred for 20 min and then gently shaken for 40 min. The
crystals were filtered using a 0.45 pm membrane filter
(Supor — 450, Gelman Laboratory) and then filter-washed
with 100 ml of water. The crystals were transferred into
tubes filled with 45 ml water and shaken for 30 min. The
filtering and shaking procedure was repeated 6—8 times
with water, then 6—8 times with 1 mmol.L ™" aqueous
sodium hydroxide, and finally four times with water to
wash out excess sodium hydroxide.

Preparation of Fluorescein Solutions

Sodium fluorescein (Sigma, no. F-6377; M = 376.85 g.
mol™!) is a fluorescent dye with a maximum emission
at 525 nm if excited by incident light at a wavelength of
490 nm on the solution pH = 9. The value of pK,,
main absorption peak and molar absorptivity are shown
in Table II (Sjoback et al., 1995).

Table II. Characteristics of fluorescein (Sjoback et al., 1995).

Crystal Main absorption Molar absorptivities
morphology Precipitant Buffer pH Fluorescein form pK, peaks, nm (mol.L™H '.em™!
Tetragonal 1 mol.L™" NaCl 0.1 mol.L™! Na-acetate 4.3—4.7 Cation 1.25 437 53,000
Orthorhombic 1 mol.L™" NaCl 0.1 mol.L™' Na-acetate 8.8-9.2 Neutral 2.08 434 11,000
Monoclinic 0.16 mol.L™! NaNO, none 53-54 Monoanion 4.31 472, 453 29,000
Triclinic 0.24 mol.L ™' NaNO; none 4.6-6.8 Dianion 6.43 490 76,900
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Fluorescein degrades within a week when exposed to
daylight (Diehl, 1987). To minimize fluorescein degra-
dation, storage of the fluorescein solutions and the experi-
ments were done in a dark room. Fresh solutions were
prepared for all experiments. The absorbance of the fluo-
rescein solution, kept in a dark place, was checked and no
change was observed for 3 weeks.

To buffer or salt concentration that had been filtered
using Schleicher & Schuell syringe filters with a cut-off
value of 200 nm, a concentrated solution of sodium fluo-
rescein (2 g.L_l) was added until the desired concentration
was reached. A small part of the fluorescein-containing
solution was taken apart and used to determine the cali-
bration curve, and the rest was used in adsorption experi-
ments after the density (DMA 48, Anton Paar) and pH had
been determined.

In some cases, fluorescein was added to the mother liquor
of crystallization instead of the aforementioned buffer or
salt solutions. Then the lysozyme content of the resulting
solution was also determined by measuring its absorption
(Pharmacia, Uppsala, Sweden, Ultrospec III) at 281 nm. The
pH of fluorescein-containing mother liquor was adjusted by
adding 1 mol.L™' NaOH.

Batch Equilibrium Experiments

The crystals were filtered using 0.45 um membrane filters
(Supor — 200, Gelman Laboratory). Different amounts of
the wet (filtered) crystals were placed in vials with 2.00 ml
or in tubes with 15 or 45 ml fluorescein solution. For
each morphology 10 to 20 vials and/or tubes were pre-
pared for the native and for the cross-linked form. One
initial fluorescein concentration (C’ﬁ,o) was used per crys-
tal morphology. The vials were sealed and gently shaken
for 7 days at room temperature. After centrifugation, the
supernatant was analyzed for fluorescein concentration by
spectrophotometry (Pharmacia, Ultrospec III) at the wave-
length of the main absorption peak (Hewlett Packard
8453 spectrophotometer).

To determine the time needed to reach equilibrium, two
independent sets of experiments were performed. The first
set of experiments involved the same scheme as explained
before but experiments were performed in 1.5 ml cuvettes
for spectrophotometers instead of in 2 ml vials. The contents
of the cuvettes were kept unmixed and the fluorescein
concentration was measured every 1-5 h until the estab-
lishment of equilibrium (constant concentration of fluo-
rescein in the liquid for 24 h). The second set of experiments
were dynamic uptake experiments performed in a stirred
vessel of 100 ml. Samples of 1.0 ml were taken every 5 min
in the beginning of the experiments and then every 2 h, until
equilibrium was reached. These samples were centrifuged to
separate solution from crystals for the determination of
fluorescein concentration. Crystals from the dynamic ex-
periments were filtered under mild conditions and used in
the desorption study. These experiments were performed in
the same stirred vessel. After 2 weeks of equilibration with

water, 90% of fluorescein was desorbed. In additional
equilibration with 0.1 mmol L™' NaOH, the rest of the
fluorescein was removed from the crystals phase.

Fluorescein adsorption by cross-linked tetragonal crys-
tals from aqueous solutions with fixed initial fluorescein
and acetate concentrations and varying chloride concen-
trations were investigated. The volume ratio of crystals
to liquid was kept constant at around 0.0075 (2 ml of
solution and 15 pg crystal). The solution pH was adjusted
by adding 1 mol.L ™' NaOH.

Determination of Crystal Volume (V)

Following the formalism of Colman and Matthews (1971), a
crystal’s density (p") is the sum of densities of its com-
ponents—namely, protein solid (subscript lys), tightly
bound water (subscript w), and free exchangeable solvent
(subscript s)—taken in proportion to the fractional volume
of each component:

P = Prys - Prys + P - 0+ P - 0 (1)

where p; is the density and ¢; the fractional volume of
components. Densities of wet crystals are available in
the literature (Table I); the density of the lysozyme is
1,422.4 kg.m > (Squire and Himmel, 1979); the density of
bound water is taken to be 997.5 kg.m > and the density of
free exchangeable solvent is taken to be the same as for the
bulk liquid. For every set of experiments the dry mass (m,)
of the crystals was determined. Therefore, part of each batch
of filtered crystals was dried for 24 h at 110°C.
Therefore, the crystal volume is:

mcr

= pcr

mgq
= (2)
per - ((PW + (Plys)

VCV

where the sum of @,, + @y is:
Mlyx ( Npys ny, )
Py T Py = : +— 3
v bs Na - Vie Plys Pw ( )
Here, n; is the number of component molecules per unit cell,
the values of which are given in Table III, and M, is the

molecular mass of lysozyme (14,307 g.mol™ ).
The unit cell volume (V,,,.) is:

Vi=a-b-c- \/1 — cos?a — cosP — cos*y — 2 - cosa - cosP - cosy
(4)

N, is Avogadro’s number, and a, b, ¢ and a, {3, <y are the unit
cell coordinates and their angles, respectively, the values of
which are given in Table III.

Check for Reaction of Fluorescein
and Glutaraldehyde

Aqueous solutions of 10 mM fluorescein were prepared
containing glutaraldehyde concentrations of 0, 1, 2, 5,
10, 20, 50, and 100 mM. Samples of 1.5 ml of solution
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Table III. Characteristics of the lysozyme crystal morphologies.

PDB name a/mm  b/mm  c¢/nm a R Y Mys Mg pYkgm T €" (VV) gy (o8 O
Tetragonal 6LYZ 791 791 379 90 90 90 8 101 1242 0.44 0.56° 0.10° 0.34°
Orthorhombic 1AKI 5906 6.845 3.052 90 90 90 4 78 1304 0.46 054 008 038
Monoclinic 5LYM 2.801 525  6.090 90 90.8 90 4 111 1239 0.38 062 0.13 025
Triclinic 4ALZT 2724 3.187 3423 8852 10853 111.89 1 139 1269 0.36 064 0.16 020

aSteinrauf, 1959.
®Calculation according to McRee (1999).
“Leung et al., 1999.

were then transferred into sealed cuvettes and their ab-
sorption spectrum was determined with a Hewlett Packard
8453 spectrophotometer at consecutive intervals for up to
7 days.

Treatment of Adsorption Data

The adsorption data were analyzed according to the
Langmuir model for adsorption isotherm given by:

_ ki - Qar - CILV[ (5)
0= 15 b, - CL
where ¢, is the mol of fluorescein adsorbed per kg of
the crystal phase, C%is the concentration of unadsorbed
fluorescein in the bulk liquid at equilibrium, b; is affinity
constant of the fluorescein for the crystals, and Qy,, is a
constant indicating the capacity of the crystals for fluores-
cein. The value of ¢, is determined from a mass balance for
the fluorescein considering that no fluorescein degradation
or fluorescein glutaraldehyde interaction were detected in
the system (see Discussion).

O
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Figure 1. Influence of MOPS presence in the solution on the adsorption

of fluorescein by the cross-linked tetragonal lysozyme crystals. Fluo-
rescein initial concentration in the solutions was 25.9 pmol.L™'. For
experimental details, see Table IV.
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Equation 5 can be rearranged into:

Ch_ 1 !

4 .Ct 6
qFl bl . Qsat * Qsat FL ( )

A plot of C Iﬁ,/qFl VS. C%, should yield a slope of 1/Qy,, and
an intercept of 1/(b; Qy.s). Adsorption data were analyzed
using linear regression fits of the data to Eq. 6.
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Figure 2. Linear regression fit of the adsorption of fluorescein by cross-
linked tetragonal lysozyme crystals from the solutions with constant
fluorescein and different MOPS initial concentrations: (a) 0, 10, and
50 mmol.L.™! and (b) 100 and 200 mmol.L~'. Markers are experimental
data and lines are fits of Eq. 6.
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Table IV. Adsorption of fluorescein from aqueous solution by cross-linked tetragonal lysozyme.

Aqueous solvent pH® pH b,/10* L.mol ! R; 040/ 1072 mol.kg ™! Q,/mol.mol™* K =b;05u(p)!
water 6.71 6.03-6.48 166.2 + 24.9 0.02 + 0.00 8.06 + 0.19 1.15 £ 0.03 134,000 + 23,600
10 mM MOPS 7.08 6.98-7.08 534+ 173 0.07 £ 0.01 7.83 £ 0.21 1.11 £ 0.03 41,700 + 7000
50 mM MOPS 6.78 6.74-6.82 263 £ 0.5 0.13 £ 0.00 7.28 £ 0.28 1.04 £ 0.04 19,100 £+ 1100
100 mM MOPS 7.15 7.10-7.15 10.8 £ 0.1 0.26 £ 0.00 242 £+ 0.09 0.35 £ 0.01 2600 + 130
200 mM MOPS 7.76 7.76-7.82 — — — — 408 + 33
10 mM CHES 8.76 7.54-8.72 245+ 1.8 0.14 £ 0.01 3.11 £ 0.14 0.45 £ 0.02 9400 = 900
10 mM sodium acetate 4.23 4.23-4.34 — — — — 685 £ 14

The initial fluorescein concentration was 25.9 pmol.L ™'
*mol of fluorescein per mol of lysozyme in the crystal.
— could not be calculated using Eq. 6.

A further analysis of the Langmuir equation can be made
on the basis of a dimensionless equilibrium parameter,
R; (Hall et al., 1966), also known as the separation factor
given by:

1
Ry = ————5- (7)
(1+b1-Cg)
It is shown that for favorable adsorption, 0 < R; < 1, while
R; > 1 represents unfavorable adsorption, and R; = 1

b, /[L umol"]

0.0 s L L L )
0 20 40 60 80 100

Cuops” /lmmol L]

0.10

0.0

0.06

0.04

Q,,,/imol kg™

0.02

0.00 A L 1 L s
0 20 40 60 80 100 120

Chors™’ [Tmmol L]

Figure 3. Langmuir coefficients as function of the initial concentration
of MOPS in the solutions: (a) affinity of the crystal for fluorescein and
(b) capacity of the crystal for fluorescein. For experimental details see
Figure 2 and Table IV.

represents linear adsorption, while the adsorption process is
irreversible if R; = 0 (Hall et al., 1966).

In the case of a linear adsorption isotherm, Eq. 6 can
be simplified:

%:bl'Qsat:pcr'K (8)

Fl

where K represents the linear distribution coefficient of
fluorescein in the system. A plot of C %,/qn vs. CL, would
yield a horizontal line with an intercept 1/(b; Q,,,). How-
ever, this representation magnifies errors in the determi-
nation of g - when Ck, = C;L:‘,O . An alternative approach for
data presentation will be employed based on the determina-
tion of the distribution coefficient directly from the exper-
imental data using the only variable in the experiment—the
crystal volume (V")—and the mass balance for fluorescein:

CHY - VE = Cly - VE+ Gy v ©)

As the linear distribution coefficient of fluorescein repre-
sents K = C% /C%l, Eq. 9 can be written as:

cif v
—H_ 14K — (10)
CL, VL

where C f:’,o and C Iﬁ, are the initial and final concentrations,
respectively, of fluorescein in the bulk liquid and V* and
V¢ are the volumes of bulk liquid and crystal phases, res-
pectively. A plot of CE’/C%, vs. V"I V* should yield a
slope of K and an intercept of 1.

RESULTS

Cross-Linked Tetragonal Crystals: Influence
of MOPS Concentration

During fluorescein adsorption experiments by lysozyme
crystals, the pH of the fluorescein solution generally moved
in the direction of pH 7-8. This is caused by the buffering
effect of the lysozyme, and hence the pH shift is not
only dependent on the buffering capacity of the fluores-
cein solution but also on the amount of crystals. Within a
series of experiments, slightly different final pH values
were observed.
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Typical results of fluorescein adsorption by cross-linked
tetragonal crystals from solutions with different ini-
tial MOPS concentration are presented in Figure 1. The
achievement of equilibria for fluorescein adsorption experi-
ments was confirmed by two independent experimental ap-
proaches. Dynamic adsorption experiments performed with
cross-linked tetragonal crystal in a stirred system showed no
more change in the fluorescein solution’s concentration af-
ter 1-4 days, depending on the solution pH, whereas in
unstirred system this took 3-8 days. During the experi-
ments, there was no swelling of the crystals according
to observations by Leica TCS SP confocal microscopy
(Cvetkovic et al., 2004). These findings are in agreement
with the literature (Morozova et al., 1996).

The adsorption isotherm profiles for fluorescein change
with an increase in the initial MOPS concentration from the
Type I isotherms (BDDT classification) to almost linear
curves for solutions with the two highest MOPS concen-
trations for experimental conditions used in study (Fig. 1).
As a Type I isotherm in BDDT classification is represented
by the Langmuir model, the Langmuir model is applied to fit
experimental adsorption data (Fig. 2). The good fits indicate
that the Langmuir model could be used to describe fluo-
rescein adsorption by lysozyme crystals. Table IV lists the
experimental conditions for Figure 1 and the Langmuir
parameters b; and Q,,, calculated using Eq. 6. The values of
the Langmuir parameters decreased with increasing MOPS
concentrations (Fig. 3). The trend for Q,, (Fig. 3b) points
out that they might reach zero above 100 mmol.L ™' MOPS.

Cross-Linked Tetragonal Crystals: Influence of Type
of Co-Solute

Langmuirian plots of fluorescein adsorption from
10 mmol.L ! solutions of either sodium acetate at pH 4.29,

2000

1500

O 10 mmol L' MOPS
1000} 4 10 mmolL" CHES
A 10 mmol L” acetate

Cqt (qn)-I /[mg L]

500 |

0 L L 2
0 5 10 15 20

Cqt/ [umol L

Figure 4. Linear regression fit of the adsorption of fluorescein by cross-
linked tetragonal lysozyme crystals from the solutions with constant
fluorescein and constant (10 mmol.L™") concentrations of MOPS (pHo =
7.08, pH*? = 6.98-7.08), CHES (pH’ = 8.76, pH*? = 7.54-8.72) and
acetate (pH® = 4.23, pH®! = 4.23-4.34).

é ® pH=437
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¥ e
[e] ® ° °
v
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v o
o o
100 v
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v v
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Lo -1
Crac”’ /Imol L]

Figure 5. Influence of chloride on the distribution of fluorescein between
cross-linked tetragonal lysozyme crystals and solution with constant con-
centration of acetate and fluorescein (0.1 and 0.0157 mmol.L ™", respec-
tively) at different solution final pH“?.

MOPS at pH 7.03, or CHES at pH 8.1 by cross-linked te-
tragonal crystals are presented in Figure 4. A linear iso-
therm was established for fluorescein adsorption from the
solution with acetate. For the other two solutions classical
Langmuir adsorption isotherms were obtained (Fig. 4).
Values of the Langmuirian coefficients were approximately
two times smaller for the CHES than for the MOPS solu-
tion (Table IV). The ratio of the distribution coefficient of
the fluorescein between the cross-linked tetragonal crystals
and 10 mM solutions of acetate, CHES, and MOPS was
1:14:135, respectively.

Cross-linked Tetragonal Crystals: Synchronized
Influence of Two Co-Solutes

In the mother liquor of the tetragonal crystal, 0.1 mol.L ™"
acetate and 1 mol.L™' chloride are present in addition
to dissolved lysozyme. This concentration of acetate is
10 times higher than the initial concentration in the ex-
periments presented in Figure 4. For this reason, fluorescein
adsorption from the mother liquor by cross-linked tetrag-
onal lysozyme crystals will be linear and can be described
using the distribution coefficient of fluorescein as the only

Table V. Distribution of fluorescein between cross-linked tetragonal
crystals and bulk aqueous solution with constant acetate concentration of
0.1 mol.L ™! and variation of chloride concentration (0 to 1.3 mol.L™') as
presented in Figure 5.

pH® pH® K*
430 432-4.43 459 + 11
5.75 5.80-6.15 12249
9.80 9.00-9.55 335+ 1.7

The initial fluorescein concentration was 15.7 umol.L_'.
?At high NaCl concentration.
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model parameter. However, the presence of the chloride in
the mother liquor will influence fluorescein distribution
between phases and therefore has to be considered as well.
Consequently, experiments were performed using constant
initial concentrations of fluorescein (0.0157 mmol.L™") and
acetate (0.1 mol.LL™") while varying the chloride concen-
tration in the range from 0—1.3 mol.L™'. The outcome of
these experiments is presented in Figure 5 and Table V. A
decrease in the distribution coefficient of fluorescein was
detected with increasing initial chloride concentration up to
0.5 mol.L™! (Fig. 5). A further increase in the chloride
concentration in the solution had no effect on the fluo-
rescein distribution coefficient. The pH determines the
value of K at high chloride concentrations. By analogy, at
experimental conditions for tetragonal mother liquor
(containing about 0.1 mol.L™' acetate and 1 mol.L™"
chloride), the distribution of fluorescein between the phases
will be independent from the exact chloride and acetate
concentrations. This enables us to perform relatively easily
an interpretation of experiments with native crystals, where
mother liquor has to be used as the solvent. Such experi-
ments are included in the subsequent section.

Influence of Crystal Morphology and Solution pH

Experiments for the system consisting of cross-linked
tetragonal crystals (the base case morphology) and fluo-
rescein dissolved in the mother liquor in the initial range
of pH 4.51-8.81 are presented in Figure 6 as a function
of final (equilibrium) pH. Additionally, the distribution of
fluorescein between crystal phase and mother liquor is
presented in Figure 7 for the native and cross-linked form
of each crystal morphology used in this study, stressing the
impact of the cross-linking. In Figures 6 and 7, Eq. 10 fits
the experimental data very well, indicating a linear ad-
sorption isotherm. The distribution coefficient of fluores-

oot

0.00 0.01 0.02 0.03 0.04 0.05 0.06
Vet

Figure 6. Distribution of fluorescein between mother liquor and cross-
linked tetragonal crystals for different solution pH*?. Markers are exper-
imental data and lines are fits of Eq. 10. Experimental details are given in
Table VL

cein decreases with increasing final solution pH (pH“?), if
cross-linked tetragonal crystals are used as an adsorbent
(Fig. 8 and Table VI). For other native or cross-linked
crystal morphologies, not enough data are available to es-
tablish such a correlation per crystal type, but the avail-
able data seem to be in line with the correlation for the
tetragonal morphology. The deviations from the observed
tendency might be attributed to differences in the con-
stitutions of their solutions. Hence, there is no indication
yet that the distribution of fluorescein between lysozyme
crystals and their mother liquor depends on the crystal
morphology at these conditions. Considering the data pre-
sented in Figure 8§, this can be generalized for native crys-
tals too.

Figure 7 and Table VI show that cross-linking of the
protein crystal has a high impact on fluorescein distribu-
tion between the phases. Distribution coefficients were
3-5 times higher with cross-linked lysozyme crystals than
with native ones.

DISCUSSION

Influence of MOPS Concentration

The choice for the Langmuir model was based on the results
presented in Figure 2. However, the validity of two as-
sumptions of the Langmuir model is not immediately clear
for protein crystals; namely, that fluorescein adsorption is
reversible and confined to a monolayer. The values of R,
indicate favorable and not irreversible adsorption. An
observation that >90% of fluorescein was found back in
solution upon using 10~* mol.L™' NaOH for desorption
from the crystals also supports the assumption of revers-
ibility of fluorescein adsorption. For monolayer or multi-
layer adsorption, we should consider the total accessible
surface of protein and not only the outer crystal surface,
according to observations with CLSM (Cvetkovic et al.,
2004). Calculations indicate a coverage of 1.4 molecules of
fluorescein per molecule of lysozyme if the lowest crystal
surface area of 800 g.m > was assumed for lysozyme crys-
tals (Morozov et al., 1995). This coverage is too low for
multilayers, and justifies the use of the Langmuir model for
description of the fluorescein diffusion in lysozyme crystals.

The isotherms, despite giving reasonably parallel lines
in Figure 2a, did not fit well to Eq. 11, which is a model
for competitive binding of fluorescein and MOPS (data
not shown):

_ bl : th : C]L?[
FI 1+by-Ck+by- Chops

q (11)

The interactions will be more complex than simple compe-
tition. Noncompetitive binding (Eq. 12), i.e., different sites
for different solutes, should lead to steeper slopes in Figure 2
with increasing presence of the co-adsorbate (MOPS), and
the lines should all merge at the same (negative) values at
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Figure 7. Determination of the fluorescein distribution coefficient between crystal and bulk phase for different crystal morphologies. Markers are
experimental data and lines are fits of Eq. 10. Experimental details are given in Table VI.

the x-axis. This was not observed in Figure 2, eliminating
noncompetitive binding as the only adsorption mechanism.

_ bl : Qsat : C}«‘l
FI. 1+by-Chk - (14 by Chops)

q (12)

The sensitivity of fluorescein affinity to crystals (b;) is high
for relatively small concentrations of MOPS in the system
and low for high MOPS concentrations (Fig. 3a). This is
directly opposite to the behavior observed for a capacity of
the crystal to fluorescein (Fig. 3b). An increase in the MOPS
concentration up to 50 mmol.L ™" did not result in a sig-
nificant change in the capacity (Fig. 3b). In particular,
capacities for two solutions with the lowest MOPS con-
centration were the same. This observation indicates that
there is no competition between fluorescein and MOPS for
the adsorption sites of the crystal. A further increase in the
MOPS concentration up to 100 mmol.L™"' resulted in a
decrease of the capacity to one-third of its initial value. This
indicates a shift in the adsorption mechanism from noncom-
petitive to competitive adsorption in the MOPS concentra-
tion region from 50 mmol.L ™" to 100 mmol.L'. When the
MOPS concentration was 200 mmol.L™" adsorption, only
the linear part of Langmuir curve was observed.

CVETKOVIC ET AL.: ADSORPTION OF FLUORESCEIN

A maximum capacity of about 1 mol fluorescein per mol
lysozyme (Table IV) suggests that the adsorption is rather
specific at a void in the crystal or on a site (perhaps the

O tetragonal
o O triclinic
.. o & monoclinic
el v orthorhombic
Ot e cross-linked crystals
Tt —— native crystals
a S
100 Tl
x
v
10 ) ) L )
4 5 6 7 8 9
pH™
Figure 8. Influence of crystal morphology on fluorescein distribution

coefficient. For experimental details see Figures 6 and 7. Full markers are
experimental data for native and empty markers for cross-linked lysozyme
crystals. The errors in distribution coefficients (K') are shown in Table VI.
The lines are given to guide the eye.
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Table VI. Distribution of fluorescein between mother liquor and
lysozyme crystals at various initial pH values: experimental conditions
and results.

Crs

Morphology ~ Cross-linking pmol.L™' pH?  pH* K
Tetragonal cross-linked 47.6 4.47 4.51 327 £ 11
Tetragonal cross-linked 259 470 4.81-494 199 + 12
Tetragonal cross-linked 25.9 5.80 6.1-64 90 * 1
Tetragonal cross-linked 259 6.80 7.1-7.9 80 + 2
Tetragonal cross-linked 259 880 7.2-8.6 60 £ 3
Triclinic cross-linked 21.8 437 4.6-53 260 £8
Monoclinic cross-linked 43.3 5.80 5.3-55 127 £ 3
Orthorhombic  cross-linked 244 8.81 7.5-8.0 45 +2
Tetragonal native 47.2 4.47 4.51 74 + 2
Triclinic native 26.0 6.85 7.0-72 63 +2
Monoclinic native 43.3 545 55-6.0 48 £ 2
Orthorhombic native 24.4 881 8.1-85 13+ 04

active site) of the enzyme. However, the information avail-
able in the literature does not indicate any binding of com-
pounds like fluorescein by dissolved lysozyme. Note that
the model used for binding to sites of enzymes is
mathematically equivalent to the Langmuir model for sur-
face adsorption.

Influence of Mother Liquor

The data shown in Table IV suggest that acetate and CHES
show a similar effect as MOPS, but already at lower con-
centrations. Hence, also the salt present in the mother liquor
will affect fluorescein adsorption by the crystals. The values
of the fluorescein distribution coefficients observed for the
mother liquor in Figure 8 and observed for high sodium
chloride concentration and 0.1 mol.L™" acetate (Table IV)
are consistent. This confirms that for understanding fluo-
rescein adsorption from the mother liquor, adsorption from
an aqueous solution of the same pH and salt concentration
can be taken.

Solution pH

Distribution of the fluorescein between crystal phase and
mother liquor solution depends on the solution pH (Figs. 5, 6,
and 8; Tables V, VI). In the pH range used in the exper-
iments, fluorescein exists in the neutral, monoanionic, and
dianionic form (see pK,’s in Table II). Conversely, dissolved
lysozyme is positively charged with a net charge change
from +19 at pH = 2 to 0 at the isoelectric point at pH = 11.2
(Kuehner et al., 1999). Therefore, a maximal uptake was
expected around pH 8 when their charge product has the
most negative value. Using the distribution coefficients from
Tables V and VI, a clear correlation was established only
with the lysozyme net charge (Fig. 9), and not with the fluo-
rescein net charge or with the product of their net charges.
This correlation holds for tetragonal cross-linked crystals
and mother liquor or aqueous solution with the same salt
composition as mother liquor, and its origin is not clear.

Internal pH levels of porous polyelectrolyte matrices
differ from bulk solution pH due to the Donnan potential
(Jansen et al., 1996). Since proteins have positive as well as
negative charges, the situation is even more complex than
for ion-exchange resins. In the mother liquor solution, the
salt concentration exceeds 1.1 mol.L ™', This is sufficient to
minimize the difference between external and internal pH
and allows us to exclude for most experiments previously
discussed the influence of the Donnan potential. However,
during uptake of fluorescein from 10 mmol.L ™" buffer so-
lutions (MOPS, CHES, and acetate), the Donnan potential
may have caused a shift of internal pH. This hypoth-
esis could not be checked due to experimental limitations
with respect to measuring the adsorbed amounts of buff-
ering species.

Cross-Linking

As a result of cross-linking, the crystals’ porosity might
have been decreased, which might have resulted in less
uptake of solute than by the native form. Nevertheless,
Figures 7 and 8 and Table VI provide the opposite picture,
the distribution coefficient of fluorescein for cross-linked
crystals was 3—5 times higher than for their native counter-
parts. Explanations to be considered are:

. Glutaraldehyde reacts with fluorescein.

. Initially the cross-linked crystals contain water in the
pores, whereas the native crystals contain mother liquor.

3. Cross-linking increases the hydrophobicity of the

lysozyme.

N =

1) Glutaraldehyde reacts with lysine residues of lyso-
zyme crystals (Yonath et al., 1977) stabilizing the crys-
tal morphology. In the case that only one of the two

In(K)

V4

lys

Figure 9. Correlation between charge per lysozyme molecule and distri-
bution of fluorescein between cross-linked tetragonal lysozyme crystals
and mother liquor solution or the solution with a same composition as
mother liquor. For experimental details see Figures 5 and 6.
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aldehyde groups would react with protein and the other
would stay free in a pore, this free aldehyde group might
react with fluorescein, resulting in an increase of the
fluorescein adsorbed on the crystal. Experiments that we
performed showed no shift in adsorption spectra (Klonis
et al., 1998), indicating the absence of reaction between
fluorescein and glutaraldehyde.

2) Pores of the native crystals are filled with mother
liquor and their adsorption sites are screened by high salt
concentrations. Conversely, in the pores of the cross-linked
crystals, free ions will be present at relatively low concen-
trations as the result of intensive washing prior to crystal
use, potentially resulting in higher fluorescein distribution
coefficients for cross-linked than for native crystals. How-
ever, considering that pores occupied maximally 2% of
the total liquid volume, this effect is probably insignificant
after equilibration.

3) Lysozyme and fluorescein are hydrophobic molecules.
Cho and Rhee (1993) showed that immobilization of lipase
(EC 3.1.1.3) on alkylamine carrier by cross-linking with
glutaraldehyde increased the lipase’s hydrophobicity by
almost two orders of magnitude. Furthermore, Ibrahim et al.
(1994) showed that lysozyme hydrophobicity is increased
after the treatment with perillaldehyde. However, direct
(experimental) proof cannot be provided due to the lack of
an unambiguous experimental procedures for determination
of protein hydrophobicity. The influence of the hydro-
phobicity of solute and protein on the solute uptake by
protein crystals will be the subject of future studies.

CONCLUSIONS

Adsorption of fluorescein by lysozyme crystals depends on
the characteristics of the fluorescein solution and lysozyme
crystal. The affinity of lysozyme crystals for solute in-
creases in the order CHES, MOPS, acetate, and fluorescein.
A shift in the adsorption mechanism from noncompetitive to
competitive is observed for fluorescein uptake when its
solution contains increasing MOPS or CHES concentra-
tions. Adsorption of fluorescein by cross-linked tetragonal
lysozyme crystals is exponentially dependent on the lyso-
zyme net charge calculated from the pH of the final solution.
A 3-5-fold increase in the fluorescein adsorption occurs as
a result of cross-linking, but the adsorption does not seem to
depend on the crystal’s morphology.

The cross-linked protein crystals may be useful for prac-
tical applications, because the observed capacities and
affinities are comparable to or better than those of conven-
tional adsorbents. The required process conditions will de-
pend on the specific application, in particular on the solute
to be adsorbed.

NOMENCLATURE

a, b ,c unit cell coordinates [m]
b; affinity constant of fluorescein for the crystals [L mol ']
b, affinity constant of MOPS for the crystals [L mol™!]

C concentration [mol L™!]

K distribution coefficient of fluorescein between crystal and bulk
liquid phase

m mass [kg]

M molar mass [kg mol™']

n number of molecules per unit cell

Ny Avogadro’s number

q concentration in adsorbed phase [mol kg ']

Osar capacity of the crystals for fluorescein [mol kg~ ']

R, separation factor

\% volume [L]

o, B, v angles between coordinates in unit cell [rad]

P density [kg m ]

Super- and Subscripts

0 at initial conditions

cr for crystal phase (including pores)
d of dry crystals

eq at equilibrium

Fl of fluorescein

L for bulk liquid phase

lys of lysozyme

K of solvent in the crystal pores

uc of the unit cell

w of water tightly bound to lysozyme
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