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ADSORPTION OF THE WILD TYPE AND A SYNTHETIC STRUCTURAL
STABILITY VARIANT OF BACTERIOPHAGE T4 LYSOZYME
CHAPTER 1

INTRODUCTION

Protein adsorption is a process that occurs spontaneously in most systems
containing synthetic materials and biological fluids. Platelet adhesion and thrombus
formation following protein adsorption are major concerns in the development of

biocompatible materials. Treatments by delivery of therapeutic proteins via implant
systems require a prolonged contact between the proteins and the surfaces of the delivery

devices. This may result in the adsorption of formulated drugs, a process that can lead to
the decline in the efficacy or even harmful effects of the treatments.

In the food industry, proteins play a major role in the fouling of heat-exchange and
membrane surfaces, and this can lead to increased resistance to liquid flow and heat

transfer. Microbial and spore adhesion appear to be mediated by protein adsorption as
well. It has been difficult to quantitatively study the protein adsorption process since the
surface activity of a protein is a cumulative property influenced by its size, shape, charge,

thermal stability, and other factors. The use of synthetic protein mutants obtained from
site-directed mutagenesis holds promise for gaining a more quantitative understanding of
protein behavior at solid surfaces, as chosen molecular properties can be related
unambiguously to protein surface activity.
The primary objectives of this research were to quantify the kinetic rate constants

governing the adsorption of a protein from a single component solution and to determine
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the ability of a protein to replace the adsorbed molecules of another dissimilar protein, as
quantified by exchange reaction rate constants.
In this research, the wild type T4 lysozyme and a structural stability variant were

used to study protein adsorption kinetics at hydrophobic and hydrophilic silica surfaces,
using in situ ellipsometry. The lysozyme variant was produced by substitution of the
isoleucine at position 3 (Ile 3) with a tryptophan residue (Trp), resulting in a protein with
a AGunfolding

that is 2.8 kcal/mol less than that of the wild type. Dodecyltrimethyl

ammonium bromide-mediated elution studies on each type of surface were carried out for

both proteins as well. Sequential adsorption kinetics were also monitored by in situ
ellipsometry. We tested two different adsorption times with the protein first introduced
and four adsorption times (at two concentrations) for the protein introduced sequentially.
Similar experimental conditions were used for a separate exchange study where protein
was radiolabeled with 125I. Results from both the ellipsometry and radiolabeling studies

were analyzed with reference to two simple kinetic models in order to estimate kinetic

rate constants governing adsorption and exchange mechanisms. The influences of
structural stability on adsorption behavior of lysozyme at the air-water interface were also

investigated. Adsorption kinetics was followed by recording the changes in surface
pressure and surface radioactivity of 14C-labled protein solutions.

1.1 The significance of protein adsorption

Protein adsorption is a process of many applications. It is involved in
development of biocompatible devices, solid-phase diagnostics, biosensors, and

chromatographic technology. Physical and chemical adsorptions are the basis of
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immobilization, which is one of the crucial factors in the biosensor technique (1).
According to Chen et al. (2), hydrophobic silica and hydrophilic gold particles added to a
glucose oxidase membrane can increase the response current of an enzymatic electrode.

They hypothesized that besides the immobilization effect, the change in glucose oxidase
activity could be enhanced by the exposure of the FAD inside the enzyme caused by
adsorption.

Protein adsorption is a phenomenon of interest to food and pharmaceutical
industries because of its apparent role in mediating microbial and spore adhesion.
Clinicians are also interested in the process since the attachment of bacteria to a solid
surface is almost always preceded by the adsorption of a protein film. It is known that
inert protein-repelling materials can be obtained either by surface grafting with a noncharged, hydrophilic polymer (3), or by transformation of the surface into a very low-

energy material (4). Olsson et al. (5) studied the role of surface properties in the
formation of the salivary pellicle and subsequent adhesion of oral bacteria on glass slides

treated with different siloxane polymers. Results showed that all compounds reduced
bacterial adherence after saliva contact by up to 90%. However, different patterns of the
pellicle proteins adsorption were seen on different polysiloxanes. They concluded that
reduction in bacterial adherence to the surfaces was the result of changes in the
composition or structure of the salivary pellicle rather than inhibition of its formation.
It is very important to identify optimal formulation and delivery techniques of
drugs to maximize the therapeutic benefit while minimizing the treatment costs and the

potential toxicity effects. Therefore, understanding protein adsorption is crucial for a
precise control of the therapeutic peptides and proteins administered. Tzannis et al. (6)
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investigated the extent of interleukin-2 (IL-2, also known as T-cell growth factor)

adsorption to silicone rubber tubing, a commonly used catheter material, and its residual

bioactivity after interaction with the surface. Attenuated total reflected Fourier transform
infrared spectroscopy was employed to monitor the deposition rate and the

conformational change of IL-2 upon adsorption. They found that after 24 h of exposure,
the bulk concentration of IL-2 solution decreased by 7 to 20%, depending on the initial

bulk concentration of the reconstitute IL-2 solution. The residual bioactivity assay of this
potential anti-tumor immune modulator showed 97 to 99.5% reductions in the activity
levels. They concluded that these activity losses were the direct result of the proteinsurface interaction.

Another application of protein adsorption is the idea of adding lipases to

commercial detergents to aid in the removal of fat-containing substances. Wannerberger
et al. (7) investigated adsorption from lipase-surfactant solutions onto methylated silica
surfaces at pH 9 to simulate what might occur during the laundry process. There were 3
surfactants used in the study; sodium dodecyl sulfate (SDS, anionic), C12E5 (nonionic),

and a commercial alcohol ethoxylate (AE, nonionic). They concluded that surfactants
dominated the adsorption of lipase-surfactant mixtures at concentrations above the critical

micelle concentration. However, adsorption of lipase took place upon dilution and the
amount of adsorbed lipase was higher for lipase-SDS compared to lipase-nonionic
surfactants. The results suggested that lipases may not be effective during the washing
cycle when a surfactant is present, but they may become more active when the surfactant
concentration is reduced during the rinse cycle.
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1.2 Multiple states of adsorption

Many researchers believe that proteins can adsorb onto a surface in more than one

state. DeFeijter et al. (8) studied adsorption of various proteins at air-water interfaces.
They found that conformational rearrangement of the adsorbed molecules at low bulk
concentration was considerable compared with that of the adsorbed molecules at high
bulk concentration. They concluded that the degree to which adsorbed molecules
undergo conformational changes depends on the amount of adsorbed molecules at the

interface. Lundstrom (9) proposed a simple dynamic equilibrium model that allows two
forms of adsorbed protein, "native" and "denatured". Both of the two states cover a
different interfacial area and can desorb into the solution. This equilibrium model also
allows for the adsorbed molecules to change conformation or orientation on the surface.
Later, Lundstrom and Elwing (10) proposed a more complex model for protein
adsorption. In their model, proteins can adsorb onto a surface in several forms and are
allowed to exchange with molecules from the bulk solution. Because of the model
complexity, this model is not very helpful in the interpretation of experimental data and
in the calculation of rate constants.

Krisdhasima et al. (11) studied the adsorption kinetics of P-lactoglobulin and
recommended a modification of the model suggested by Lundstrom (9).
In this three-rate-constant model (Figure 1.1a), protein adsorption is a 2-step process.
First, protein molecules reversibly adsorb onto the surface with the adsorption rate k1.
Secondly, the adsorbed molecules can either desorb into the bulk with the rate k_1, or

undergo conformational changes and/or re-orientation into the irreversibly adsorbed form
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with the rate sl. When using this model, one must assume that adsorbed proteins in either
state occupy the same interfacial area.

Strong evidence supporting the presence of multiple states of adsorbed proteins
comes from elutability studies. Bohnert and Horbett (12) investigated the ability of SDS
to remove adsorbed fibrinogen and albumin from polymer surfaces. They found that the
elutability decreased as the contact time increased for both proteins. Krisdhasima et al.
(13) studied adsorption kinetics and elutability of milk proteins and found that not all
adsorbed proteins can be removed. This supports the hypothesis that protein molecules
can adsorb in multiple states with different levels of binding strength.
Recently, McGuire et al. (14-16) studied comparative adsorption of synthetic

mutants and wild type bacteriophage T4 lysozyme. Their results indicated that molecules
that adsorbed in different states occupied different interfacial areas. Therefore, they
proposed a parallel adsorption model (Figure 1.1b) in which proteins can adopt one of the
two states directly from the bulk. In their model, molecules in state 2 are more tightly
bound to the surface and occupy a greater interfacial area than those in state 1.

Podhipleux et al. (17) studied the effects of charge on protein behavior at
hydrophobic and hydrophilic surfaces and analyzed their data with reference to both the

kinetic models proposed by Krisdhasima et al. (11) and by McGuire et al. (15). The
pattern of the data in their study indicated that adoption of more tightly bound state may
occur rather quickly, and that the molecules in the more tightly bound state may occupy a
greater interfacial area.

7
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Figure 1.1. Simple mechanisms for protein adsorption. (a) three-rate-constant model
proposed by Krisdhasima et al. (11) and (b) parallel adsorption kinetics proposed by
McGuire et al. (15).
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1.3 Sequential and competitive adsorption

Sequential adsorption is a process in which one type of protein is allowed to

adsorb before a second protein is added into the system. The second protein may replace
some or most of the adsorbed protein, depending on many factors, e.g. adsorption time of
the first protein, adsorption time and concentration of the second protein.
Pitt et al. (18) studied adsorption of blood proteins, using 125I-labeling, immunogold-

labeling, and Fourier transform infrared spectroscopy techniques. They found that
the protein adsorption sequence affected thrombus formation and platelet deposition.
Sequential adsorption of y-interferon and BSA on silica surfaces was investigated by

Ruzgas et al. (19), using ellipsometry and radiolabeling techniques. Their data suggested
that the degree of displacement of adsorbed y-interferon by BSA increased with
decreasing electrostatic interactions between the two proteins.

Elgersma et al. (20) studied both sequential and competitive adsorptions of BSA

and monoclonal immuno-gamma globulins (IgG's) on polystyrene lattices. They found
that IgG's was easily displaced by BSA, but not the opposite. For adsorption of the
second protein to occur, however, the displacement of the first protein was not always a

prerequisite. Shirahama et al. (21) monitored adsorption of lysozyme, ribonuclease, and
a-lactalbumin on hydrophilic silica and hydrophobic polystyrene coated silica. They
concluded that electrostatic interactions played a major role in sequential and competitive
adsorption on hydrophilic silica, but these were minor on hydrophobic surfaces.

Anand and Damodaran (22) studied the dynamics of adsorption and exchange
between as,- casein and 13-casein at the air/water interface. They found that the
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adsorptivities of both proteins in single-component systems were very similar. Studies of
the binary mixture showed that 13-casein was more surface active than a-casein, with a

surface load of 2:1 in favor of 0-casein. Kinetic data suggested that a81-casein arrived at
the interface first, but was displaced by (3-casein. To a lesser extent, displacement tests

showed that a-casein was also able to displace 13-casein from the interface.
In 1995, Anad and Damodaran conducted a similar study of a binary system
containing lysozyme and bovine serum albumin (BSA). They found that bulk phase BSA
could prevent the adsorption of lysozyme but could not displace lysozyme that already

adsorbed at the interface. Lysozyme in the bulk phase, however, could not inhibit nor
displace adsorbed BSA. From the analysis of the data, they were convinced that the unit
cell dimensions occupied by BSA and lysozyme in the mixed monolayer were the same
as those in single-component monolayers, suggesting that both proteins adsorbed
independently (23).

1.4 Effects of protein stability on adsorption

By studying the genetic variants and site-directed mutants of single proteins, many

researchers have shown that the structural stability of a protein influences its interfacial
behaviors (15, 24-26).

Horsley et al. (24) studied adsorption isotherms of hen egg-white (HEW) and
human lysozymes at hydrophobic, negatively charged hydrophilic, and positively charged

hydrophilic silica surfaces. They found that human lysozyme, which is less stable than
HEW lysozyme, underwent more extensive structural changes upon adsorption than
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HEW lysozyme. Kato and Yutani (25) compared the surface properties of wild type and
mutants of tryptophan synthase. The results suggested that mutants with higher stability
exhibited greater resistance to unfolding at the interface.

Wei et al. (26) studied surface tension kinetics of superoxide dismutase,
cytochrome c, myoglobin, lysozyme, and ribonuclease, using the Wilhelmy plate method.

They found the kinetic behavior at low bulk protein concentration to be related to

protein's conformational stability. Xu and Damodaran (27) followed the surface pressure
of native, partially and fully denatured of hen egg-white, human, and T4 phage

lysozymes. They proposed a mechanism for protein adsorption at air-water interface
whereby the driving force was considered to be the combination of the interfacial force
fields, contributing by hydrophobic, electrostatic, hydration, and conformational
potentials.

McGuire et al. (15) studied the effect of structural stability on adsorption of T4
lysozyme at hydrophilic and methylated silica surfaces. The results from kinetic studies
and surfactant-mediated elutability studies showed that proteins with lower thermal
stabilities were more likely to adsorb in a non-removable form than those with higher
thermal stabilities.

Wang et al. (28) studied the surface tension kinetics of various stability mutants of
T4 lysozyme. They compared their experimental data to a simple adsorption kinetics
model that allowed molecules to adsorb in two states, with state 2 molecule being harder
to remove from the air-water interface than state 1 molecule. They found that in general
the surface tension of the more stable variants was higher than that of the less stable

mutants, and the rate and extent of surface tension changes decreased as MG increased.
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MG was defined as the difference between AGunfolding of wild type and that of the mutant

protein. They also concluded that the contribution to changes in surface tension of state 2
molecule was higher than the contribution of state 1 molecule.
Billsten et al. (29) and Tian et al. (30) monitored changes in secondary structure of
wild type and two stability mutants of T4 lysozyme upon adsorption to silica

nanoparticles, using circular dichroism. They found that the extent and rate of
conformational change upon adsorption varied among proteins. They concluded that the
change in conformation was related to thermal stability of the proteins.

1.5 Effects of surface hydrophobicity

Many researchers have conducted studies on effects of contact surface
hydrophobicity on protein surface activity (31-33). They believe that hydrophobic
interaction between the contact surfaces and proteins contributes to the increase in the

entropic driving force, which accompanies adsorption of protein from solution. Elwing
et al. (31) used ellipsometry to study adsorption of fibrinogen on hydrophobic and
hydrophilic silicon surfaces and found that adsorbed mass was greater on hydrophobic as
opposed to hydrophilic surfaces. Lu and Park (32) also studied fibrinogen adsorption
using germanium, poly hydroxyethyl methacrylate (poly HEMA), Biomer, and

polystyrene surfaces. A weighted-peak shift method was used to determine the extent of
the protein conformational changes upon adsorption to surfaces. Their results indicated
that fibrinogen underwent a larger degree of conformational changes upon adsorption as

the surface hydrophobicity increased.
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Interestingly, it was found that the adsorption of protein did not always increase

with increasing surface hydrophobicity. Adsorption isotherms, constructed by
Krisdhasima et al. (11), for silicon of varying surface hydrophobicities indicated that the
adsorbed mass of 0-lactoglobulin increases with increasing surface hydrophobicity in the
range 10.27 < W1',water < 41.8 mJ/m2 , where W,water
E
is the value of the polar component

of the work of adhesion between any given solid surface and water. Outside of this range,
however, the degree of surface hydrophobicity did not seem to have any effects on
adsorption of13-lactoglobulin.

1.6 T4 lysozyme

Bacteriophage T4 lysozyme was chosen as the model protein for this work for

many reasons: it is a well-characterized protein (34) with known amino acid sequence
(35) and 3-dimensional structure (36-37); several variants have been obtained from sitedirected mutagenesis, and data on their thermal stabilities (38) and enzymatic activities.
(39-41) are available.
Lysozyme is a hydrolytic enzyme, which cleaves a glycosidic linkage in a

complex sugar. It can destroys the cell walls of susceptible bacteria (Gram positive) by
hydrolyzing the 13(1>4) glycosidic linkages from N-acetylmuramic acid (NAM) to N-

acetylglucosamine (NAG) in the alternating NAM-NAG hexasaccharide component of
cell wall peptidoglycan (40).

T4 lysozyme, as shown in Figure 1.2, consists of 164 amino acid residues, and has

a molecular weight of about 18,700 (36). It is a basic, globular protein with an isoelectric
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Figure 1.2. Carbon backbone of T4 lysozyme molecule. TRP variant was obtained by
subsituting Ile 3 with Trp residue.
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point above 9. At neutral pH, it possesses 27 positively charged groups and 18 negatively
charged groups, yielding an excess of 9 positive charges (37, 42). The T4 lysozyme
molecule has a bilobal structure with the active site located at the junction of the 2

domains: the C-terminal and N-terminal lobes. The C-terminal lobe is comprised of 7
short a-helices whereas the N-terminal lobe is built up from 2 a-helices and a 4-stranded
anti-parallel 13-sheet. These 2 domains are joined by a long a-helix structure, consisting

of amino acid residues 60 to 80. There are no disulfide linkages in the wild type T4
lysozyme molecule (38, 43, 44). The secondary structure of T4 lysozyme is 68% a-helix,
11%13-sheet, 10% 0-turns, 4% 310 -helix, and 7% "other" structure (44). T4 lysozyme in

solution is ellipsoidal. Its molecular dimensions are approximately 54 A long, with the
diameters of the C-terminal and N-terminal lobes being about 24 A and 28 A,
respectively (36, 40). Almost all of the excess positive charges are located on the Cterminal lobe (45).
In the study done by Matsumura et al (38), isoleucine at position 3 (Ile 3) of the

bacteriophage T4 lysozyme was replaced with 13 different amino acid residues, including
tryptophan (Trp). Mutations were introduced into the lysozyme gene cloned in phage

Ml3mp18, using a method developed by Kunkel (46). The mutants obtained were
characterized with respect to their deviations from the wild type in terms of crystal

structure and thermodynamic stability. The results showed that the overall structures of
all the mutants were similar to that of the wild type (47). The difference between the free

energy of unfolding (MG) of the mutant proteins and that of the wild type at the melting
temperature of wild type (Tn, = 64.7 °C at pH 6.5) was calculated from Tm and OH at Tm.

The Trp mutant exhibited a MG of -2.8 kcal/mol, indicating that this mutant is less
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stable than wild type. However, results from difference electron density maps (48) and
crystallographic refinement (40) showed that the differences between the wild type and
mutant are subtle.

1.7 Ellipsometry

Optical measurements are used extensively to study the properties of films grown

on a surface. An ellipsometer is used to determine the refractive index and thickness of
thin films by measuring changes in states of polarized light reflected from a sample

surface. It permits in situ measurements of adsorption (7), therefore the kinetics of
adsorption can be monitored. Ellipsometric measurements involve illuminating a sample
surface with a monochromatic light of known properties, usually a low-power, helium-

neon laser. This laser beam is passed through a polarizer where it is converted from a
circular to a linear polarized light. After striking the surface, the reflected beam (now
with altered polarization) passes through a rotating analyzer prism. A photodetector
converts the light energy into an electric current proportional to the intensity of reflected

beam. These measured optical properties of the film are used to calculate its refractive
index and thickness. From the refractive index and thickness, the total adsorbed mass can
be estimated (49).

1.8 References

1.

Blum, L.J. and P.R. Coulet (Eds.). 1991. Biosensor Principles and Applications.
p. 7. M. Dekker, New York.

16

2.

Chen, Z.J., X.M. Ou, F.Q. Tang, and L. Jiang. 1996. Effect of nanometer particles
on the adsorbability and enzymatic activity of glucose oxidase. Colloids and
Surfaces B: Biointerfaces 7: 173-179.

3.

Lee, J.H. and J.D. Andrade. 1988. Polymer Surface Dynamics. p. 111. Plenum
Press, New York.

4.

Bruil, A., L.M. Brenneisen,
Terlington, T. Beugling, W.G. van Aken, and
J. Feijen. 1994. In Vitro leukocyte adhesion to modified polyurethane surfaces II:
Effects of wettability., J. Colloid Interface Sci. 165: 72-81.

5.

Olsson, J., A. Car len, N.L. Burns, and K. Holmberg. 1995. Modified pellicle
formation and reduced in vitro bacterial adherence after surface treatment with
different siloxane polymers., Colloids and Surfaces B: Biointerfaces 5: 161-169.

6.

Tzannis, S.T., W.J.M. Hrushesky, P.A. Wood, and T.M. Przybycien. 1997.
Adsorption of a formulated protein on a drug delivery device surface., J. Colloid
Interface Sci. 189: 216-228.

7.

Wannerbegger, K., M. Wahlgren, and T. Arnebrant. 1996. Adsorption from
lipase- surfactant solutions onto methylated silica surfaces., Colloids and Surfaces
B:Biointerfaces 6: 27-36.

8.

DeFeijter, J.A., J. Benjamins, and F.A. Veer. 1978. Ellipsometry as a tool to
study the adsorption behavior of synthetic and biopolymers at the air-water
interface., Biopolymers 17: 1759-1772.

9.

Lundstrom, I. 1985. Models of protein adsorption on solid surfaces., Progr.
Colloid Polymer Sci. 70:76-82.

10.

Lundstrom I., and H. Elwing. 1990. Simple kinetic model for protein exchange
reactions on solid surfaces., J. Colloid Interface Sci. 136:68-84.

11.

Krisdhasima, V., J. McGuire, and R.D. Sproull. 1992. Surface hydrophobic
influences on 13-lactoglobulin adsorption kinetics., J. Colloid Interface Sci.
154(2): 337-350.

12.

Bohnert, J.L. and T.A. Horbett. 1986. Changes in adsorbed fibrinogen and
albumin interactions with polymers indicated by decreases in detergent
elutability., J. Colloid Interface Sci. 111:363-377.

13.

Krisdhasima, V., P. Vinaraphong, and J. McGuire. 1993. Adsorption kinetics and
elutability of oc-lactalbumin, 13- casein, p-lactoglobulin, and bovine serum albumin
at hydrophobic and hydrophilic interfaces., J. Colloid Interface Sci.161:325-334.

17

14.

McGuire, J., V. Krisdhasima, M.C. Wahlgren, and T. Arnebrant. 1995a.
Comparative adsorption studies with synthetic, structural stability and charge
mutants of bacteriophage T4 lysozyme. in Proteins at Interfaces, J. Brash and T.
Horbett, eds., ACS Books, Washington, D.C.

15.

McGuire, J., V. Krisdhasima, M.C. Wahlgren, and T. Arnebrant. 1995.
Comparative adsorption studies with synthetic, structural stability and charge
mutants of bacteriophage T4 lysozyme. in Proteins at Interfaces II: Fundamentals
and Applications. (J. Brash and T. Horbett, eds.), ACS Books, Washington, DC.

16.

McGuire, J., M.C. Wahlgren, and T. Arnebrant. 1995c. The influence of net
charge and charge location on the adsorption and dodecyltrimethyl ammonium
bromide-mediated elutability of bacteriophage T4 lysozyme at silica surfaces., J.
Colloid Interface Sci. 170: 193-202.

17.

Podhipleux, N., V. Krisdhasima, and J. McGuire. 1996. Molecular charge effects
on protein behavior at hydrophobic and hydrophilic solid surfaces., Food
Hydrocoll. 10: 285-293.

18.

Pitt, W.G., K. Park, and S.L. Cooper. 1986. Sequential protein adsorption and
thrombus deposition on polymeric biomaterials., J. Colloid Interface Sci. 111:
343-362.

19.

Ruzgas, T.A., V.J. Razumas, and J.J. Kulys. 1992. Sequential adsorption of yinterferon and bovine serum albumin on hydrophobic silicon surfaces., J. Colloid
Interface Sci. 151: 136-143.

20.

Elgersma, A.V., R.L.J. Zsom, J. Lyklema, and W. Norde. 1992. Adsorption
competition between albumin and monoclonal immuno-gamma globulins on
polystyrene lattices., J. Colloid. Interface Sci. 152: 410-428.

21.

Shirahama, H., J. Lyklema, and W. Norde. 1990. Comparative protein adsorption
in model systems. J. Colloid. Interface. Sci. 139: 177-187.

22.

Anand, K. and S. Damodaran. 1996. Dynamics of exchange between oc,-casein
and 13-casein during adsorption at air-water interface. , J. Agric. Food Chem. 44:
1022-1028.

23.

Anand, K. and S. Damodaran. 1995. Kinetics of adsorption of lysozyme and
bovine serum albumin at the air-water interface from binary mixture., J.Colloid
Interface Sci. 176: 63-73.

18

24.

Horsley D., J. Herron, V. Hlady, and J.D. Andrade. 1987. Physicochemical and
Biochemical Studies. in Proteins at Interfaces. (J.L. Brash and T.A. Horbett, eds.)
p.290-304. ACS Symposium Series 343, Washington, DC.

25.

Kato, A., and K. Yutani. 1988. Correlation of surface properties with
conformational stabilities of wild-type and six mutant tryptophan synthase asubunits substituted at the same position., Protein Eng. 2:153-156.

26.

Wei, A.-P., J.N. Herron, and J.D. Andrade. 1990. The role of protein structure in
surface tension kinetics. in From Clone to Clinic. (D. J.A. Crommelin and H.
Schellekens, Eds.), p. 305. Kluwer Academic Publishers, Amsterdam.

27.

Xu, S. and S. Damodaran. 1993. Comparative adsorption of native and denatured
egg-white, human, and T4 phage lysozyme at the air-water interface., J. Colloid.
Interface Sci. 159: 124-133.

28.

Wang J., and J. McGuire. 1997. Surface tension kinetics of the wild type and four
synthetic stability mutants of T4 phage lysozyme at the air-water interface., J.
Colloid. Interface Sci. 185: 371-323.

29.

Billsten, P., M. Wahlgren, T. Arnebrant, J. McGuire, and H. Elwing. 1995.
Structural changes of T4 lysozyme upon adsorption to silica nanoparticles
measured by circular dichroism., J. Colloid Interface Sci. 175: 77-82.

30.

Tian, M., W-K Lee, M.K. Bothwell, and J. McGuire. 1998. Structural stability
effects on adsorption of bacteriophage T4 lysozyme to colloidal silica., J. Colloid
Interface Sci. 199: In Press.

31.

Elwing, H. S. We lin, A. Askendal, and I. Lundstrom. 1988. Adsorption of
fibrinogen as a measure of the distribution of methyl groups on silicon surfaces.
J. Colloid Interface Sci. 123: 306-308.

32.

Lu, D.R. and K. Park. 1991. Effect of surface hydrophobicity on the
conformational changes of adsorbed fibrinogen. J. Colloid Interface Sci. 144:
271-281.

33.

McGuire, J. and V. Krisdhasima. 1993. Relating contact surface hydrophobicity
to molecular events influencing biological adhesion. J. Adhesion Sci Technol.
7(3):195-204.

34.

Tsugita, A., M. Inouye, E. Terzaghi, and G. Streisinger. 1968. Purification of
bacteriophage T4 lysozyme., J. Biol. Chem. 243: 391-397.

35.

Tsugita, A. and M. Inouye. 1968. Complete primary structure of phage lysozyme
from Escherichia coli T4., J. Mol. Biol. 37: 201-212.

19

36.

Matthews, B.W., F.W. Dahlquist, and A.Y. Maynard. 1973. Crystallographic
data for lysozyme from bacteriophage T4., J. Mol. Biol. 78:575-576.

37.

Weaver, L.H. and B.W. Matthews. 1987. Structure of bacteriophage T4 lysozyme
refined at 1.7 A resolution., J. Mol. Biol. 193:189-198.

38.

Matsumura, M., G. Signor, and B.W. Matthews. 1989. Sustainable increase of
protein stability by multiple disulfide bonds., Nature. 342: 291-293.

39.

Dao-pin, S., E. Soderlind, W.A. Baase, J.A. Wozniak, U. Sauer, and B.W.
Matthews. 1992. Cumulative site-directed charge-change replacements in
bacteriophage T4 lysozyme suggest that long-range electrostatic interactions
contribute little to protein stability., J. Mol. Biol. 221(3):873-887.

40.

Griitter, M.G. and B.W. Matthews. 1982. Amino acid substitutions far from the
active site of bacteriophage T4 lysozyme reduce catalytic activity and suggest that
the C-terminal lobe of the enzyme participates in substrate binding., J. Mol. Biol.
154: 525-535.

41.

Griitter, M.G., L.H. Weaver, T.M. Gray, and B.W. Matthews. 1983. Structure,
function, and evolution of the lysozyme from bacteriophage T4. in Bacteriophage
T4. p.356-360. (Mathews, C.K., E.M. Kutter, G. Mosig, and P.M. Berget, eds.)
Am. Soc. Microbiology., Washington, DC.

42.

Alber, T. and B.W. Matthews. 1987. Structure and thermal stability of phage T4
lysozyme., Meth. Enzymol. 154:511-533.

43.

Branden, C. and J. Tooze. 1991. Prediction, engineering, and design of protein
structures. in Introduction to protein structure. p. 247-268. Garland Publishing,
Inc., New York.

44.

Arnold, G.E., J.I. Manchester, B.D. Townsend, and R.L. Ornstein. 1994.
Investigation of domain motions in bacteriophage T4 lysozyme., Biomolecular
Structure and Dynamics. 12: 457-474.

45.

Dao-pin, S., D-I. Liao, and S.J. Remington. 1989. Electrostatic fields in the active
sites of lysozymes., Proc. Natl. Acad. Sci. USA 86: 5361-5365.

46.

Kunkel, T.A. 1985. Rapid and efficient site-specific mutagenesis without
phenotype selection., Proc. Natl. Acad. Sci. USA. 82: 488-492.

47.

Matsumura, M., and B.W. Matthews. 1989. Control of enzyme activity by an
engineered disulfide bond., Science 243: 792-794.

20

48.

Griitter, M.G., R.B. Hawkes, and B.W. Matthews. 1979. Molecular basis of
thermostability in the lysozyme from bacteriophage T4., Nature 277: 667-669.

49.

Krisdhasima, V., J. McGuire, and R.D. Sproull. 1992. A one-film-model
ellipsometry program for the simultaneous calculation of protein film thickness
and refractive index., Surf Interface Anal. 18: 453-456.

21

CHAPTER 2
MATERIALS AND METHODS

This chapter will describe materials and methods used for all experiments in

detail. It is a complete reference for materials and methods described in the following
two chapters.

2.1 Materials

2.1.1 T4 Lysozyme

Synthetic mutants of T4 lysozyme were produced from transformed cultures of
E. coli strain RR1, received from Professor Brian Matthews of the Institute of Molecular

Biology, University of Oregon. For the tryptophan mutant (Trp), isoleucine at position 3
(Ile 3) was replaced with tryptophan, resulting in a less stable mutant (MG = -2.8
kcal/mol at pH 6.5).
Expression and purification of lysozyme followed the established procedures

(1, 2). The fermentation process started with the preparation of overnight culture broth
(2 g tryptone, 1 g yeast extract, 1 g NaCl, 0.2 ml of 1 N NaOH, and 200 ml deionized
distilled water (DDW)). Stock cultures of T4 lysozyme, stored at -80 °C, were used to
inoculate the sterilized culture broth. After incubation at 37 °C for approximately 6 h, the
lysozyme culture was transferred into an autoclaved fermenter (ADI 1012, Applikon

Dependable Instruments, Inc., Schiedam, Holland) containing 4.8 L of sterilized LB broth
(57.6 g tryptone, 24 g yeast extract, 48 g NaC1, 4.8 g glucose, and 4.8 L DDW). Tributyl
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phosphate (1.5 ml) was added as an anti-foaming agent, along with ampicillin (0.7 g) to
prevent contaminant growth and to select for the desired variant (with ampicillin-resistant
gene on the plasmid). The fermentation temperature was maintained at 37 °C by a water

bath with a circulating system (Model 1120, VWR Scientific, Portland, OR). Agitation
was maintained at 600 rpm and air flowrate was maintained at 0.8 kg/s.

When the optical density (OD at 595 nm) of the fermented fluid reached between
0.9 and 1.0 (DU 62 Spectrophotometer, Beckman Instruments, Inc., Fullerton, CA), the
temperature was decreased to 30° C, and agitation was reduced to 200 rpm. Isopropyl -13-

D thiogalactopyranoside (IPTG) was added to induce lysozyme expression and cell lysis.

Harvesting was done 1 hour and 45 minutes after adding IPTG, by siphoning the fluid
into 250 ml centrifuge bottles. From this point on, purification processes were carried out
at 4 °C. The harvested liquid was centrifuged at 13,000 rpm for 25 minutes (JA-14 rotor,

Model J2-MI centrifuge, Beckman Instruments, Inc., Palo Alto, CA). The resulting
supernatant was re-centrifuged at 13,000 rpm for 45 minutes, and the second-spin pellet

was discarded. The first-spin pellets were combined and resuspended in resuspension
buffer (10 mM Tris, pH 7.4) and lysis buffer (0.1 M phosphate, 0.2 M NaC1, 10 mM
MgC12). A solution of 0.5 M ethylenediamine tetraacetic acid was also added to the
resuspended pellets. After stirring for about 12 hours, 1 M MgC12 and 0.01 g of

deoxyribonuclease I (DNase I) were added and the solution was stirred at room

temperature for 2 hours. Then, it was centrifuged at 20,000 rpm for 35 minutes (JA-20
rotor, Model J2-MI centrifuge). The pellet was discarded, and the supernatant was
combined with the supernatant from the previous spins in1200 ml fleakers.
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Spectrum dialysis was done against DDW, using Spectra/Por regenerated

cellulose (RC) hollow fiber bundles (MWCO 11,000, Spectrum Medical Industries, Inc.,

Houston, TX) until the conductivity of the fluid dropped to 2 mil/cm, and the pH was
between 6.5 and 7.5 (adjusted with 1 N NaOH or 1 N HCl if needed). Dialyzed
supernatant was loaded onto a CM Sepharose CL-6B CCL-100 column (cation

exchanger, Sigma Chemical Co., St. Louis, MO), and then eluted using a salt gradient of
50 mM to 0.3 M NaC1 in 50 mM Tris buffer. Eluted fractions were combined in
Spectra/Por molecularporous membrane tubing (MWCO 13,000, Spectrum Medical
Industries, Inc.) and were dialyzed against phosphate buffer, pH 5.8, before being loaded

onto SP Sephadex C50 column (cation exchanger, Sigma Chemical Co.) for
concentration. To elute the concentrated protein, 0.01 M phosphate buffer, pH 6.5,
containing 0.55 M NaCl and 0.02% NaN3 was added to the column.

The concentrated protein was diluted 1:100 with phosphate buffer, pH 6.5, and its
absorbance (Abs) at 280 nm was measured to determine the amount of pure protein
obtained. To calculate the amount of protein obtained, Abs was divided by 1.28 for wild
type and by 1.46 for the Trp mutant. Purity of the protein was routinely checked by highpressure liquid chromatography (HPLC) and sodium dodecylsulfate polyacrylamide gel

electrophoresis (SDS-PAGE). HPLC chromatogram showed the presence of only 1 peak,
and SDS-PAGE gel showed only 1 protein band.
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2.1.2 Surfaces

Preparation of hydrophilic and hydrophobic surfaces was done by methods similar
to those described by McGuire et al. (3-5).

Hydrophilic surfaces: Silicon (Si) wafers (hyperpure, type N. phosphorous doped,
plane 1-0-0) were purchased from Wacker Siltronic Corporation (Portland, OR).
Oxidation of surfaces was carried out in a furnace at 1000° C (P02 = 1 atm) for 18

minutes. Surfaces were cut into approximately 1.2 x 3 cm2 plates, using a tungsten pen.
Each plate was placed into a test tube, and 10 mL of 1:1:5 of NH4OH:H202:H20 was

added. Then, they were heated to 80 °C in a water bath for 15 minutes. After rinsing
with 20 ml DDW, 10 ml of 1:1:5 of HC1:H202:H20 was added. After heating to 80 °C
for 15 minutes, the silica surfaces were rinsed with 30 ml DDW, and stored in 20 ml of
50% ethanol in order to maintain their hydrophilic properties.

Hydrophobic surfaces: The hydrophilic silica plates in 50% ethanol were rinsed
with 40 ml DDW, dried with N2, and kept in a desiccator for 24 h to make sure that the

surfaces were water-free. Then they were treated to be hydrophobic by immersion in a
solution of dichlorodimethylsilane (DDS) in xylene for 1 h. In this research, 0.1% DDS
was used. Finally, the silanized surfaces were rinsed in 100 ml each of xylene, acetone,
and ethanol. Surfaces were then blown dry with N2, and kept in desiccators until used.
Contact angles for both the hydrophilic and hydrophobic surfaces were measured
with a goniometer, using a series of EtOH in water (0%, 15%, and 30%) as diagnostic
liquids.
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2.2 Methods employed for solid-water interface studies

2.2.1 Adsorption kinetics

A bare surface, either hydrophobic or hydrophilic, was placed into a fused quartz,

trapezoid cuvette (Hellma Cells, Germany) which was placed on the sample stage of an

automatic in situ ellipsometer (Gaertner Scientific Corp., Chicago, IL). This instrument
was modified so that the surface can be placed on upright position to eliminate the

gravitational effect on the protein's arrival rate to the interface. This new configuration
(as depicted in Figure 2.1) also allows the solution to be thoroughly mixed by a magnetic

stir bar. The ellipsometer stage was adjusted to obtain a maximum in reflected light
intensity (70° angle of incidence, 1 mW Helium-neon laser, wavelength 6328 A). Fine
adjustments of the sample stage were done after 5 ml of phosphate buffer (pH 7.0) was
injected into the cuvette to yield steady values of 111 and A (6-7). IF is the arctangent of

the factor by which the amplitude ratio changes, and A is the steady value of changes in

the phase of light. Final measurements of bare surface properties were recorded onto a
diskette. A stock protein solution was then injected into the cuvette to yield a final

concentration of 1 mg/ml. The values of

and A were measured ellipsometrically and

recorded onto a diskette every 15 s for 30, 60, 90, or 120 minutes. The surface in the
cuvette was rinsed with protein-free buffer at a flow rate of 25 ml/min for 5 min, then

film properties were monitored for another 25 min. Similar methods were used by
McGuire et al. (3-5). A one-film-model ellipsometry program (8) was used to determine
the adsorbed mass from the measured thickness and refractive index of each protein film
on each surface.
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Figure 2.1. Ellipsometry setup.

2.2.2 Sequential protein adsorption kinetics

After 30 minutes (for the short time study) or two hours (for the long time study)

of adsorption by the first protein and the cuvette was rinsed with a protein-free buffer at a
flow rate of 25 ml/min for 5 min, the optical properties were followed for another 25 min.
Then 1 ml of buffer was withdrawn from the cuvette, and 1 ml of either 0.06 mg/ml or 6
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mg/ml of the second protein was added to give the final concentration of either 0.01 or 1

mg/ml. Film properties were recorded for 15, 30, 45, or 60 min. The cuvette was then
rinsed with a protein-free buffer for 5 min, and the surface optical properties were

monitored for another 25 min. Experiments with each protein sequence (Wild/Trp,
Trp/Wild) on each type of surface were replicated at least twice.

Since ellipsometry cannot tell the differences between two proteins, the adsorbed

mass collected was in the form of total adsorbed mass. To assess the reaction kinetics, a
radiolabeling technique was employed to help distinguish one protein from another.

2.2.3 Surfactant-mediated elution study

This study is similar to the sequential protein adsorption study, but
dodecyltrimethylammonium bromide (DTAB) was added instead of the second protein.

The surfactant was allowed to contact the surface for 15 minutes, and the cuvette was

rinsed with 25 ml/min of 0.01 M phosphate buffer for 5 minutes. Optical properties were
monitored and recorded for another 25 minutes.

2.2.4 Sequential adsorption study by radiolabeling

This part of the research was conducted at Professor Thomas Horbett's laboratory,

University of Washington. One protein (either wild type or Trp mutant) was radiolabeled
with 1251, using the iodine monochloride technique of Helmkamp et al. (9) as modified by

Horbett (10). This technique is specific to tyrosine residues and the following reactions
can be considered to occur:
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ICI + NaOH

--> HOT + NaC1

HOI + T4 lysozyme --4 iodinated T4 lysozyme + H2O
T4 lysozyme was radioiodinated with the iodine monochloride technique because
this method is among the least disruptive to protein functions and preferential adsorption
of iodinated proteins do not occur in general (10). Besides, very high specific activities

can be attained (11-12). To determine whether preferential adsorption occurs, we can
measure adsorption of molecules from solutions of different ratios of labeled to unlabeled
protein. In the event that preferential adsorption does not occur, adsorption should be
independent of these ratios.
The surfaces used in this study were glass cover slips (64% SiO2, 13% alkali

oxides, 8% boron, Fisher Scientific, Santa Clara, CA). As with the silica surfaces, acid
and base treatments as well as silanization were performed on these glass cover slips to

render them either hydrophobic or hydrophilic. Experiments were conducted in plastic
vials containing one glass cover slip per vial (shown in Figure 2.2). A small volume of
labeled protein was added to the solution of wild type or Trp lysozyme to obtained a
specific activity of 200 counts per minutes (cpm)/i.tg.

Sequential adsorption study: adsorption was allowed to proceed for 30 minutes,

and the surface was rinsed by 0.01M phosphate buffer. After incubation in a protein-free
buffer for another 25 minutes, unlabeled protein (second protein) was introduced to the

system. Contact time of the second protein was allowed for 4, 8, 12, 15, 30, 45, and 60
minutes. Then the surface was rinsed, followed by 25 minutes incubation in the buffer.
At the end of the incubation period, the glass surface was transfer into a counting tube.
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Sample radioactivity was measured with a gamma counter (Model 1185R, T.M. Analytic,
Elk Grove Village, IL) and the background count was subtracted.

Spontaneous desorption or buffer-exchange study: a surface was allowed to

contact a protein solution (labeled) for 30 minutes. After rinsing and incubating in a
protein-free buffer for 0, 15, 30, 45, or 60 minutes, the surface radioactivity was
measured.

Buffer Tank
out

Figure 2.2. Radio labeling study for solid-water interface setup.

Self-exchange study: this study was similar to sequential adsorption but instead of

introducing a second protein to the system, the first protein was replaced with the same

protein that was not labeled. The contact time for the unlabeled protein was 30 minutes.

2.3 Methods employed for air-water interface studies.
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Following experiments were conducted at Dr. Srinivasan Damodaran's laboratory
at the University of Wisconsin.
2.3.1. Radio labeling of T4 lysozyme

For experiments at air-water interface, bacteriophage T4 lysozyme was
radiolabeled by reductive methylation of the lysyl residues, using [14C]formaldehyde and

sodium cyanoborohydride (NaCNBH3). Despite a lower energy and specific activity,
there are advantages of using 14C over 1251. For examples, there are less biohazards
involved in handling 14C than in handling 1251, and the 14C isotope has a longer half-life
than the 1251 isotope (12).

Reductive methylation of proteins with sodium borohydride (NaBH4) and
formaldehyde was developed first by Means and Feeney (13) as a lysine-specific protein

modification procedure. The overall reaction sequence is summarized in Figure 2.3.

RNH3+

C H2 ( 0 H)2

RNH2 +

CH2 = 0

(2)

(1)

NaBH4

CH3OH

RNH - CH2OH

(3)

>RN = CH2
NaBH4

(4)

RNH -CH3

Figure 2.3. Methylation reaction of protein by formaldehyde,
using NaBH4 as a reducing agent.
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The efficiency of the methylation is low and the strong reducing property of NaBH4 may

cleave disulfide bonds and peptide lingkages in protein molecules. In our case we used
the method modified by Jentoft and Dearborn (12) which replace NaBH4 with a milder

reducing agent, NaCNBH3. This method gives a much higher degree of lysyl group
modification than NaBH4 because NaCNBH3readily reduces Schiff bases, but does not
reduce aldehydes and ketones at neutral pH.
Briefly, 10 Ill of [14C]formaldehyde solution with a total radioactivity of 0.1 mCi

(New England Nuclear Co., Boston, MA) was added to 20 ml of lysozyme solution
(containing 1 mg/ml of lysozyme in phosphate buffer). After adding 25 mg of
Na2CNBH3 (Aldrich Chemical Co., Milwaukee, WI), the solution was incubated at room

temperature for 2 h. The methylated solution was dialyzed against Milli-Q water
(produced by a system from Millipore Corp., Bedford, MA) for at least 24 h. The protein
concentration of the 14C-labeled lysozyme was measured with a spectrophotometer. The

specific radioactivity was determined using a scintillation counter (14).

2.3.2. Adsorption kinetics

The rates of change in surface concentration and surface pressure of a protein
solution were measured simultaneously, using a single experimental setup depicted in

Figure 2.4 and 2.5. The rate of change of surface pressure was monitored by the
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Wilhelmy plate method, using a Cahn electrobalance (Cahn Instruments Co., CA). A
thin, sandblasted platinum plate was used as a sensor. The exact width of the platinum
plate was determined by measuring the surface tension of Gold Label hexadecane

(Aldrich Chemical Co., WI) to be 1.04 cm. A Teflon trough of 21cmx5.56cmx1.27cm
interior dimension was used. The entire setup was housed in an incubator (Ambi-Hi-LoChanger, Lab line) and the temperature was controlled at 24 °C.

Flow

LABLINE CONTROL Chamber

Calculator with strip paper
print-out, interfaced
with LUDLUM 264

ON

HI safety LO safety Control

meter
98% Ar

2% propane0

Thermostat

Thermostat °FF

W M. LUDLUM
NUM
264
N om

Slide
plexiglass door

Strip Chart Recorder

V

Gas out

Figure 2.4. Experimental setup for air-water studies.
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CAHN 2000
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LUDLUM 2200

Platinum plate

Teflon trough

LUDLUM
# 43-51

Magnetic stirrer
Adjustable Stage

Beaker w/ damp
cloth for humidity

control
Waste Beaker

Figure 2.5. Experimental setup for air-water studies inside the chamber.

Before every experiment, the surface pressure measuring system was calibrated

with 120 ml of Milli-Q water. The water was then replaced with 120 ml of 0.02 M of
phosphate buffer and the surface tension of the buffer was recorded. The buffer was then
replaced with 120 ml of protein solution. After the liquid surface was cleaned by gently
sweeping with an aspirator until the surface tension is equal to that of the pure buffer, the
protein was allowed to adsorb and the change in surface pressure was monitored
continuously by a strip chart recorder (14-16).
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The rate of change of protein's surface concentration was followed by measuring

the surface radioactivity (14-16). A rectangular gas flow counter with an 8cmx4cm
My lar window (Ludlum Instruments, Inc., TX) was set up at the opposite end to the the

electrobalance, with the air space between the Mylar window and the liquid surface of
about 7 mm. A carrier gas comprised of 98% argon and 2% propane at 20m1/min was

used. The counts per minute (cpm) were measured and printed out on a strip chart
calculator. A calibration curve relating cpm to surface radioactivity (pEi/m2) constructed

by spreading It-labeled (3-casein on the air-water interface was used to convert cpm to
liCi/m2 (16).

2.4 Estimation of adsorption rate constants

According to the adsorption mechanism proposed by Krisdhasima et al. (6) shown
in Figure 1.1a, differential equations describing the time-dependent fractional surface
coverages of protein in states 1 (01) and 2 (02) are:

+s,)9,

dt
and

d02

dt

= s101

Where the total surface coverage, 0, at any time is 01 + 02, and C is the concentration of

protein. By solving the above equations, the total surface coverage as a function of time
can be expressed as:
0

A2e-r2t

[Eq.2.1]
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where A1, A2, and A3 are constants and roots r I and r2 are known functions of the rate

constants k1, k_1, and s1. An expression for n expression for the total adsorbed mass as a

function of time as obtained from [Eq.2.1] is:
F = aie rit + a2e-r2t + a3

where al, a2, and a3 are the products of the equilibrium adsorbed mass (T,) with A1, A2,
and A3, respectively. The roots ri and r2 are related to the kinetic rate constants as
follows:

r +r2 = k 1C + k -1+ s
1

and

r1r 2

SI k

1

IC

[Eq.2.2]
[Eq.2.3]

Based on the adsorption mechanism suggested and McGuire et al. (4) as shown in

Figure 1.1b, protein may adopt one of two states directly from the solution. State 1
molecule is less tightly bound and occupies less interfacial area than state 2 molecule. In

this model the fractional surface coverage of molecules adsorb in either state, 0,, is

defined as Firma), and Fn., is defined as the maximum adsorbed mass allowable for
monolayer coverage if all molecules adsorb in state 1.

At monolayer coverage 01 + a02 =1, where a is the interfacial area occupied by
state 2 molecule divided by the interfacial area occupied by state 1 molecule. The total
adsorbed mass is expressed by:
F = Fmax

+02).

Solving differential equations

[Eq.2.4]
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dOi

dt
d02

dt
yields

=

k,C(1 01 a02)

=k2C(1-01a02)

01 +02 = all e(-1c1C-4k2C)t I,

where a is a constant. At t = 0, 01 + 02 = 0, and as t approaches o, 01+ 02 = a.
Since k2/k1 = 02/01 as t approaches ., solving for 611 + 02 as a function of rate

constants yields:

01+02=
1+

ak/ )'
2

therefore Eq.2.4 becomes

r = rn.

)
)

1
1+

ak

[1.

e(-k1C-ak2C)t]

[Eq.2.5]

1

Using non-linear regression, the values of ki and k2 can be estimated.

2.5 Estimation of exchange rate constants

Based on the simple kinetic models for protein adsorption suggested by
Krisdhasima et al. (6) and McGuire et al. (4), along with a kinetic model for protein
exchange reactions for a binary mixture proposed by Lundstrom and Elwing (17), we can
construct kinetic models for sequential adsorption as shown in Figure 2.6.
hi Figure 2.6a, 01A is the fractional surface coverage of protein A that is
exchangeable by protein B whereas 02A is the fractional surface coverage of protein A that
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is not exchangeable. After a certain period of adsorption time, protein A is removed by

rinsing with a protein-free buffer. The surface is then allowed to incubate in the proteinfree buffer. When there is no spontaneous desorption, the only change in 01A is through
conversion into 02A as shown by the following mathematical expression:
61491A

dt -S1A

[Eq.2.6]

01A

Rearrangement of [Eq.2.6] yields
1

dOlA = S lit dt

01A

Integration:
(9,A

dO,A = siA dt

0

0

ln 01A,ti =

ln OiA

In

0

°)

lA = SlA t

01A,ti

An exponential of the above equation yields
01A

= e xp(siA t)

01A,ti

exp(-- sm t).

or

01A = 01A,ti

Because

01A + 02A = 1,

02A = 1-01A

[Eq.2.7]

[Eq.2.8]
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(a)

0
k

0
1
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C)
°1A

°2A
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Figure 2.6. A mechanism for sequential adsorption of protein A followed by protein B,
based on (a) Figure 1.1a, (b) Figure 1.1b.
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If kiA>>SiA, 0IA at t = t, is approximately 1. Therefore [Eq.2.8] becomes
02A =

[Eq.2.9]

°1A

Substitute °]A at t =t from [Eq.2.7] into [Eq.2.9],

02A = °1A e1A,ti exp( sm t)
°2A = OiAm[1 exp( sm t)1.

or

[Eq.2.10]

At the end of incubation in the buffer (let t = tp), a solution of the second protein
(protein B) is introduced. Therefore, the decrease in OIA can be either through the
conversion into 02A or through an exchange with protein B,
ddt Oi

A = siA°1,4

[Eq.2.111

ke[ C B 191A

where VCR/ is the concentration-dependent exchange rate constant of protein A by
protein B.
1

dOm = (siA + ke [CB Ddt

elA

1

0 lA

in

01A

dOm = (SiA

ke[CBDfdt
tp

=

(Slit

ke[CB D.

t

01A,,p

01A = °map exPt

A + k [CB

t p)}

[Eq.2.12]

Previously at the end of incubation period 0,A = 01A [Eq.2.7], therefore
e1A,tp =e1A,ti

exp( ClAt p)'

Substitution of [Eq.2.13] into [Eq.2.12] gives

[Eq.2.13]
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OiA = OiA,ti exp( Si

)* exp{ (slA + ke[CB]) (ttp)}.

[Eq.2.14]

We know that the total amount of 02A equals
02A,tp + (01A converted * fraction of 01A converted into 02A)

S IA 01A

and

SlA

SIAOIA

where fraction of 01A converted into 02A=

+ k e CB° lA

01A converted = 0-1A,tp 01A remained = [Eq.7]

[Eq.2.15]

SlA + k e CB

[Eq.14]. Therefore,

OiA converted = OiAm exp( siAtp ))1 exp{ (sIA + ke[CB]) (t tp
By using [Eq.2.10], we get
02A,p = 01A,,
,

Thus,

11 exp( smt

02A = 01" [1 exp( SlAtn)j
exp( slAtp ))1 expt--- (S1A

When t » tp,

SlA

+ke[CB])(t t p)X

SlA ±keCB

(sm + ke[CB]) (ttp).} will approach zero, so the final equation is
ke [GB

02A

1 slA

xp( smtp

.

[Eq.2.16]

ke [C,51

Results from preliminary study on elutability of adsorbed T4 lysozyme from

hydrophobic and hydrophilic silica by DTAB showed no significant difference in the

amount of protein eluted after 30 min and 2 h adsorption. It suggested that there was no
conversion between 01A and 02A after 30 min, and that the conformational change of

protein upon adsorption happened almost instantaneously (Figure 1.1b).
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In the case of Figure 2.6b, protein A can adsorb directly from the solution in either

state 1 or 2, both of which are exchangeable by protein B with the rates kei[Cd and
ke2[CB], respectively. Since no conversion between 01A and 02A is allowed, changes can

be described as
dO,A

k 1[C, pm

dt
d02

and

dt

A=k

[CB )92A

[Eq.2.17]

[Eq.2.18]

.

From [Eq.2.17];
d0IA = k 1[C B 191A

dt

1

or

iA =

[CB lit

Om

Integration of the above equation from 01A = _ jA,tito
0 _0 1A= OIA and from t = 0 to t = t:
01A

1

0). ii-01Adebt

ke[CB11 dt
0

In

OIA

= ke [CB)

1A,ti

Om

= explke[C

01A,ti

yields Out = t91A,ti[exl)(

ek [CB ]. t)]

.

[Eq.2.19]

Similarly, integration of [Eq.2.13] yields
02A = 02A,t, [exp( k ,2[C B]. t)].

[Eq.2.20]

We can solve Equations 19 and 20 based on an assumption that the exchange rates

depend solely on the binding strength of the adsorbed molecules. However, our results
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from radiolabeling study implied that the exchange rate constants of WT and TRP
lysozymes did not depend on the binding strength of the adsorbed molecules alone, but
also depend on the properties of the exchanging proteins and the interactions between the
adsorbed molecules vs. the exchanging molecules.
In the case of radiolabeling study, the data suggested a combination of exchange

and desorption processes. A more generalized model of exchange with desorption
mechanism can be depicted as shown in Figure 2.7.

Figure 2.7. Exchange with desorption mechanism.

A differential equation describing this exchange with desorption mechanism is
shown below:

43

dO

A = keCB0A+kdOA

dt

de A
61A0

9A

0A

dt

CB + kd
0

= e (k Ce +k d),t

AO

Taking a natural log of the above equation results in the final form of the mathematical
expression [Eq.2.21]. This equation describes the fraction of the first protein (A)
remaining at the interface after introduction of the second protein, compared with before
the introduction, as a function of the exchange rate of protein A by protein B (CB), the rate

of desorption (Kd), and the contact time of the second protein (t).

In

r 0A
0 AO

= (k eC B

KB )t

[Eq.2.21].

By combining the results from the ellipsometry study with the results from the
radiolabeling study, the kinetic rate constants governing adsorption of WT and TRP
lysozymes from solution, as well as the exchange rate constants between the two proteins
at solid-water interface can be calculated.
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CHAPTER 3

SEQUENTIAL ADSORPTION BEHAVIOR OF THE WILD TYPE
AND A SYNTHETIC STRUCTURAL STABILITY VARIANT OF

BACTERIOPHAGE T4 LYSOZYME AT SOLID-WATER INTERFACES

3.1 Abstract

The sequential adsorption behavior of the wild type T4 lysozyme and one of its
structural stability variants was studied, using ellipsometry and '25I radioisotope labeling

techniques. The mutant lysozyme was produced by substitution of the isoleucine residue
at position 3 in the wild type with a tryptophan residue, resulting in a protein with lower

structural stability. Adsorption kinetics recorded at hydrophilic and hydrophobic solid
surfaces were compared to the kinetic behavior predicted by each of two mechanisms for
protein adsorption, each allowing for adsorption into two different conformational states.
The mutant protein apparently adsorbed at the interfaces more tightly and occupied a

greater interfacial area than the wild type. However, radioisotope labeling experiments
suggested that sequential adsorption and exchange of proteins occurred only in the case

of the less stable mutant followed by the wild type. This suggests that, in an exchange
reaction, properties of the adsorbing protein (e.g. its ability to adsorb when only a small
amount of unoccupied area is exposed) may be more important than the conformational
state of the protein molecules already adsorbed.
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3.2 Introduction

Protein adsorption is a process that has many applications. It is involved in
development of biocompatible devices, solid-phase diagnostics, and chromatographic

technology. Physical and chemical adsorptions are the basis of immobilization, which is
one of the crucial factors in the biosensor technique (1). Because of its apparent role in
mediating microbial and spore adhesion, protein adsorption is a phenomenon of interest

to food and pharmaceutical industries. In addition, clinicians are also interested since the
attachment of bacteria to a solid surface is almost always preceded by the adsorption of a

protein film. Adsorption of proteins to solid surfaces is largely irreversible in the sense
that continued extensive soaking in buffer does not remove all the proteins, though the

adsorbed proteins may be partially exchangeable with the bulk phase proteins. Since
adsorption occurs more rapidly than the transport of cells to foreign materials, the cells
usually end up interacting with the adsorbed protein layer on the material surfaces rather

than interacting directly with the materials. Thus it is very important to study the
fundamental mechanisms underlying the interactions of proteins with surfaces (2). There
have been attempts to create inert protein-repelling materials by surface grafting with a
non-charged, hydrophilic polymer (3), or by transformation of the surface into a very

low-energy material (4). Study by Olsson et al. (5) showed that treatment of glass
surfaces with siloxane polymers reduced the salivary pellicle adhesion and oral bacteria
adherence after saliva contact by up to 90%.

Understanding of protein adsorption is necessary to precisely control the amount

therapeutic drug administered. This is important in maximizing the therapeutic benefit
while minimizing the treatment costs and the potential toxicity effects. Tzannis et al. (6)
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employed an attenuated total reflected Fourier transform infrared spectroscopy techniques
to investigate the extent of interleukin-2 (IL-2) adsorption to silicone rubber tubing,

which is a commonly used catheter material. They also compared the residual
bioactivities of different reconstituted IL-2 solutions after interaction with the surface to

that of the initial solutions. After 24 h of exposure, the bulk concentration of IL-2
solutions decreased by 7 to 20% whereas the residual bioactivity level dropped by 97 to

99.5%. They concluded that these activity losses were direct results of the proteinsurface interaction.

By studying the genetic variants and site-directed mutants of single proteins,
many researchers have shown that the structural stability of a protein influences its

interfacial behaviors (7, 8-10). Kato and Yutani (9) compared the surface properties of
wild type and mutants of tryptophan synthase. Data suggested that mutants with higher
stability exhibited greater resistance to unfolding at the interface. McGuire et al. (7, 11,
12) studied comparative adsorption of synthetic mutants and wild type bacteriophage T4

lysozyme on silica surfaces. Their results indicated that molecules adsorbed in different
states occupied different interfacial areas. As a result, they proposed a parallel adsorption
model, which allow proteins to adopt one of the two states directly from the bulk. Study
performed by Elgersma et al. (13) on both sequential and competitive adsorption of BSA

and monoclonal immuno-gamma globulin's (IgG's) onto polystyrene lattices showed that
IgG's was easily displaced by BSA, but not the opposite. There has been considerable
progress in the study of the kinetic and thermodynamics of adsorption of various proteins

from single protein systems. However, the understanding in sequential adsorption and
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exchange of proteins at the interface is not yet sufficient to predict or clearly explain the
adsorption behavior of protein mixtures.

The primary objectives of this research were to quantify the kinetic rate constants
governing the adsorption of a protein from a single component solution and to determine
the ability of a second protein to displace the adsorbed molecules of the first protein

(exchange constant). The wild type T4 lysozyme and its variant were used to study
adsorption kinetics of proteins at hydrophobic and hydrophilic silica surfaces, using in

situ ellipsometry and mI-radiolabeling. The lysozyme variant was produced by
substitution of isoleucine at position 3 (Ile 3) with a tryptophan residue (Trp), resulting in
a protein with AGunfolding of 2.8 kcal/mol less than that of the wild type protein.

3.3 Materials and Methods

3.3.1 Proteins

Transformed cultures of E. coli. Strain RR1 containing bacteriophage T4
lysozyme wild type (WT) and tryptophan variant (TRP) plasmids were obtained from

Professor Brian Matthews of the University of Oregon. Fermentation and purification of
proteins followed the established procedures as described in Chapter 2 (14,15).
Concentrated stock protein solutions were diluted with 0.01 M phosphate buffer, pH 7.0

(Sigma Chemical Co., St. Louis, MO) to yield a final concentration of 6 mg/ml (E280 are
12.8 and 14.6 for the wild type and tryptophan variant, respectively). Then the solutions
were passed through filters of 0.22 gm pore size (Milipore Corp., Bedford, MA),

collected into cryogenic vials, and kept at 80 °C.

50

3.3.2 Silica surfaces

Silicon (Si) wafers (hyperpure, type N. phosphorous doped, plane 1-0-0) were

purchased from Wacker Siltronic Corporation (Portland, OR). Oxidation of surfaces was
carried out before the surfaces were cut into approximately 1.2 x 3 cm2 plates, using a

tungsten pen. Cleaning of silica plates was done by methods similar to those described
by McGuire et al. (6-8), where plates were washed with mixtures of 1:1:5 of
NH4OH:H202:H20 then 1:1:5 of HC1:H202:H20, rinsed, and stored in 20 ml of 50%

ethanol. Preparation of hydrophobic silica started with rinsing of the hydrophilic silica
plates in 50% ethanol with deionized distilled water (DDW), dried with N2, and kept in a

desiccator for 24 h. Silanization took place with immersion of dried plates in a solution
of 0.1% dichlorodimethylsilane (DDS) in xylene for 1 h, followed by rinsing in 100 ml
each of xylene, acetone, ethanol, blown dry with N2, and then kept in desiccators until
used (16).

3.3.3 Glass surfaces

Glass cover slips (64% SiO2, 13% alkali oxides, 8% boron) were purchased from

Fisher Scientific (Santa Clara, CA). Acid and base treatments as well as silanization were
performed on these glass cover slips following the same procedures performed on silica

surfaces. Contact angles for both the silica surfaces and the glass cover slips were
measured with a goniometer (Rame-Hart Inc., Mountain Lakes, NJ) using DDW as a
diagnostic liquid.
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3.3.4 Ellipsometry

A silica surface (hydrophobic or hydrophilic) was placed into a fused quartz,

trapezoid cuvette (Hellma Cells, Germany) which was placed on the sample stage of an

automatic in situ ellipsometer (Gaertner Scientific Corp., Chicago, IL). This instrument
was modified so that the surface can be placed on upright position. After 5 ml of 10 mM
phosphate buffer, pH 7.0 was injected into the cuvette, the ellipsometer stage was
adjusted to obtain a maximum in reflected light intensity and steady optical properties
(16-17). Measurements of surface properties were taken every 15 s.
Bare surface properties were recorded for 5 min before a protein solution was

injected into the cuvette to yield a final protein concentration of 1 mg/ml. Surface
properties were followed for another 30 min before the surface was rinsed with a protein-

free buffer at a flow rate of 25 ml/min for 5 min. Film properties were monitored for
another 25 min. The second protein solution was added to give the final concentration of
either 0.01 or 1 mg/ml, and film properties were followed for 15, 30, 45, or 60 min. Then
the cuvette was rinsed with a protein-free buffer for 5 min, and film properties were
monitored for another 25 min.
At the end of the incubation period, dodecyltrimethylammonium bromide

(DTAB) was added to the cuvette and was allowed to contact the surface for 15 min. The
cuvette was then rinsed with 25 ml/min of 10 mM phosphate buffer for 5 minutes.

Optical properties were monitored and recorded for another 25 minutes. One-film-model
ellipsometry program (25) was used to determine the adsorbed mass of protein from the
ellipsometrically determined values of film thickness and refractive index as explained by
Cuypers et al. (26). A partial specific volume (V) of 0.78 crn3/4g and a molecular weight
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to molar refractivity (M/A) ratio of 3.827 lig/cm2 were used in the calculation (27-28).

These protein-specific values were used to determine the adsorbed mass in both the

presence and absence of DTAB. This is because it is impossible to assign the correct
values for mixed films. This approach would overestimate the adsorbed mass of the
mixed films, but would not influence any of the trends observed in these experiments.
Experiments with each protein sequence (Wild/Trp, Trp/Wild) on each type of
surface were replicated at least twice.

3.3.5 Adsorption studies by radiolabeling

Concentrated T4 lysozyme stock solutions were radioiodinated with 1251, using

the iodine monochloride technique of Helmkamp et al. (18) as modified by Horbett (19).
sozymes were mixed with unlabeled protein solutions to yield the final specific

radioactivity of 200 cpm4tg. Experiments were conducted in plastic vials containing one
glass cover slip per vial and 1.5 ml solution of the labeled first protein. Adsorption was
allowed to proceed for 30 mM, and the surface was rinsed by 10 mM phosphate buffer.

After incubation in a protein-free buffer for another 25 minutes, unlabeled second protein

was introduced to the system. Contact time of the second protein was allowed for 4, 8,
12, 15, 30, 45, and 60 min. Then the surface was rinsed, followed by a 25 min incubation

in buffer. At the end of the incubation period, the glass surface was transfer into a
counting tube and the sample radioactivity was measured with a gamma counter (Model
1185R, T.M. Analytic, Elk Grove Village, IL).
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Spontaneous desorption or buffer-exchange study was carried out by contacting
the surfaces with '21-labeled proteins for 30 min, rinsed, and incubated in a protein-free

buffer for 0, 15, 30, 45, or 60 min. Then the surface radioactivity was measured.
Similar to the sequential adsorption study, self-exchange study was done by

replacing the labeled first protein with the same protein that was not labeled. The contact
time for the unlabeled protein was 30 minutes.

3.4 Results and Discussion

It is widely accepted that the amount of protein adsorbed at the solid surface is
dependent on the surface hydrophobicity (20), thus the degree of hydrophobicity should

be reported. We used a contact angle as an indication of surface hydrophobicity in this
study. The data from contact angle measurement is reported in Table 3.1.

Table 3.1. Contact angles of hydrophobic and hydrophilic surfaces as measured with a
goniometer, using deionized distilled water as a diagnostic liquid.

Contact Angle (degree ± S.D.)
Surface
Hydrophobic

Hydrophilic

Silica plate

80.0 ± 3.0

13.2 ± 2.7

Glass cover slip

72.8 ± 1.3

5.5 ± 1.3
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3.4.1 Visual analysis of the kinetic plots

Representative plots of sequential adsorption kinetics on hydrophobic and
hydrophilic silica for WT followed by TRP are shown in Figure 3.1 and 3.2, and for TRP

followed by WT are shown in Figure 3.3 and 3.4, respectively. The shape of the
adsorption curves of the same protein (WT or TRP) on both surfaces is very similar, but it

differs among proteins on the same surface. From a quantitative point of view the
adsorbed mass of TRP is approximately the same on both surfaces whereas the adsorbed

mass of WT is significantly higher on hydrophobic than on hydrophilic silica. Moreover,
the amount of WT adsorbed is also substantially higher than TRP on both surfaces.
Previously in the development of a parallel adsorption mechanism, McGuire et al.
(7) suggested that TRP molecules tend to adsorb in a state that occupies a larger
interfacial area than that of WT, thus the allowable adsorbed mass for monolayer

coverage for TRP is lower than TRP. The possibility that TRP prefers to adsorb to the
surfaces in a "more unfolded" state, which occupies a greater interfacial area than a "less
unfolded" state, was investigated by Tian et al. using circular dichroism technique (21).
Their results on adsorption study of T4L to colloidal silica particles showed that at 1:1

ratio of protein: particle, the a-helix loss after 90 min of adsorption for CYS, WT, and
TRP was 10, 12, and 24%, respectively. This supported the hypothesis that the degree of
unfolding upon adsorption is highly related to the thermal stability of the protein. Our
results are also consistent with such behavior.
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Figure 3.1. Sequential adsorption of WT follows by 0.01 mg/ml TRP (A), and 1 mg/ml
TRP (0) on hydrophobic silica.
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Figure 3.2. Sequential adsorption of WT follows by 0.01 mg/ml TRP (A), and 1 mg/ml
TRP (0) on hydrophilic silica.
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Figure 3.3. Sequential adsorption of TRP follows by 0.01 mg/ml WT (A), and 1 mg/ml
WT (0) on hydrophobic silica.
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Figure 3.4. Sequential adsorption of TRP follows by 0.01 mg/ml WT (A), and 1 mg/ml
WT (0) on hydrophilic silica.
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3.4.2 Analysis with reference to adsorption kinetic models

3.4.2.1 A three-rate-constant adsorption kinetic model

Krisdhasima et al. (16) studied 13-lactoglobulin adsorption kinetics, and proposed

a mechanism for protein adsorption as shown in Figure 3.5. According to this three-rateconstant model, protein adsorption is a 2-step process. In the first step, protein molecules
reversibly adsorb onto the surface with the kinetic rate kr In the second step, the
adsorbed molecules can either desorb into the bulk phase with the rate k or undergo
conformational changes and/or re-orientation into the irreversibly adsorbed form with the

rate s In this model, adsorbed proteins in either state are assumed to occupy the same
interfacial area.

0
klt
Si

01

02

Figure 3.5. The three-rate-constant mechanism for protein adsorption proposed by
Krisdhasima et al. (16).
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Results from preliminary study on elutability of adsorbed T4 lysozyme by DTAB

are shown in Table 3.2. According to the data there was no significant difference in the
amount of protein eluted after 30 min and 2 h adsorption. It suggested that there was no
conversion between 01A and 02A after 30 min, and that the conformational change of

protein upon adsorption happened almost instantaneously. This is in agreement with the
results obtained by Podhipleux et al. (22) on the study of the molecular charge effects on
adsorption behavior of proteins, which suggested that adoption of a more tightly bound
state happened rather quickly for T4L.

Table 3.2. Percent of adsorbed mass that was elutable from hydrophobic and hydrophilic
silica surfaces following 15 min contact with DTAB.

Adsorbed Mass Eluted (%)
Protein
Hydrophobic

Hydrophilic

30 min adsorption time

73.1

63.7

2 h adsorption time

75.3

66.7

30 min adsorption time

62.2

48.6

2 h adsorption time

63.9

47.9

Wild Type

TRP Mutant
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Since there is no evidence indicating the differences in the make-up of protein
layer adsorbed for 30 min and 2 h, only 1 contact time (30 min) was used for the first

protein in the study of sequential adsorption kinetics.
As previously mentioned, the three-rate-constant model assumed that generation
of the irreversibly adsorbed molecules could only happen through the conversion of the
reversible adsorbed molecules, and that the conversion does not involve any changes in

the interfacial area occupied by the molecules. Nevertheless, the pattern of the data
indicated that adoption of the more tightly bound state was achieved much faster, and

molecules in that state occupy a greater interfacial area. For this reason, it is not suitable
to use this model to illustrate the adsorption mechanism of T4L.

3.4.2.2 A parallel adsorption kinetic model

Since the previous model was proven insufficient to explain the adsorption

kinetics of T4L, a more suitable mechanism must be adopted. The parallel adsorption
kinetic model (Figure 3.6) proposed by McGuire et al. (7), a simple and similar

mechanism was employed. In this model proteins can adsorb directly from the bulk
solution into two states with state 2 molecules being more resistant to DTAB elution and
occupy a larger interfacial area than state 1 molecules.

60

0

O
ki

k2

02

01

Figure 3.6. The parallel adsorption mechanisms for protein adsorption proposed by
McGuire et al. (7)

Parameters k, and k2 are kinetic rates governing adsorption of protein molecule into state

1 and state 2, respectively. In the absence of the diffusion-controlled process, the timedependent fractional surface coverage of protein in each of the two states (0, and 02) can
be described as:

i
0, =
02 =

1

)

1+(ak2lki) ,

i

k21k,

1-F(ak21k,)

*[1 e-(--Ic1C-ak2C)t 1

* {1 e± kiC ak2C)t 1

where a is the ratio of area occupies by a state 2 molecule to that occupies by a state 1
molecule, and C (mg /ml) is the bulk protein concentration.
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If we define the maximum adsorbed mass of molecules allowable for monolayer

coverage as F (tig/cm2), the total adsorbed mass of protein at any time is calculated
from:

F = r *(61,1-02) ,
and (Cy-a()) = 1 when the surface is covered. The value F. was approximated as 0.396
lig/cm2, corresponding to a maximum allowable monolayer adsorbed mass of molecules

adsorbed in a close-packed, end-on manner (28 x 28 A per molecule). For adsorption on

hydrophobic silica, parameter a was set to 2.095 (= 0.396/0.189). The specific interfacial
area occupied by state 2 molecules, 1/0.189, was based on the lowest ellipsometric data

of TRP adsorption on hydrophilic surface. The specific interfacial area occupied by state
1 molecules, 1/0.396, was based on the theoretical value. Similarly in the case of
hydrophobic silica, parameter a was set to 2.052 (= 0.396/0.193), where 1/0.193 was
taken as the specific interfacial area occupied by state 2 molecules on hydrophobic
surfaces.

Following the mechanism illustrated in Figure 3.6, the values of adsorption
parameters k,C, k2C, and the ratio k2/k, of WT and TRP were determined, using the linear

regression analysis of the ellipsometric data from the single protein systems. The results
are presented in Table 3.3. According to the data TRP is more likely to adsorb in state 2
on both surfaces, with k2 approximately an order of magnitude higher than k,. In the case

of WT on hydrophilic silica the tendency is higher for molecules to adsorb in state 2,

whereas the opposite is true for adsorption of WT on hydrophobic silica. Since the airwater interface can be considered as an ideal hydrophobic surface, we can compare our
results to those obtained by Wang et al. (23) on spreading pressure kinetic data of
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1 mg/ml T4L solutions. They found the ratio kik, of WT and TRP to be 0.60 and 8.26,
which are qualitatively similar to our findings (0.70 for WT and 12.5 for TRP).

Table 3.3. The average values of kinetic rate constants from ellipsometric measurements,
based on the parallel adsorption model (Figure 1.1b).
Rate Constants
Protein

Surface
K,C (min -1)

K,C (min -1)

K,/ K,

Hydrophobic

0.285

0.193

0.7

Hydrophilic

0.140

0.215

1.5

Hydrophobic

0.035

0.436

12.5

Hydrophilic

0.046

0.419

9.1

Wild Type

TRP

Mutant

3.4.3 Self-exchange study

Data suggested that adsorbed WT and TRP can exchange with molecules from the

bulk. Approximately 12% of WT and 16% of TRP on hydrophilic surface exchanged
after 30 min. These numbers are as high as 33% for WT and 32% for TRP on
hydrophobic surface. The higher numbers in percent exchanged from hydrophobic
surface may be explained partly by a stronger binding strength of the adsorbed protein on

hydrophilic surface. This hypothesis is supported by the results from elution study (Table
3.2) which exhibit a higher resistance to elution on hydrophilic surface for both proteins.
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3.4.4 Estimation of exchange rate constants

Based on the simple kinetic models for protein adsorption suggested by McGuire
et al. (7), along with a kinetic model for protein exchange reactions for a binary mixture
proposed by Lundstrom and Elwing (24), we constructed a kinetic model for sequential
adsorption which is shown in Figure 3.7. According to this model, protein A can adsorb
directly from the solution in either state 1 or 2, both of which are exchangeable by protein
B with the rates kei[CBJ and ke2/CBJ, respectively. No conversion between 01A and 02A is

allowed, thus

dO IA

dt

k el[GB

lA

and

dO2A

dt

k

{C,

e2

13

192A

0
kelCB

0
k2ACA

01\

ke2CN
°1A

"7f
02A

Figure 3.7. A mechanism for sequential adsorption of protein A followed by protein B,
based on Figure 3.6.

Integration of the preceding equations from 01A = Olit,ti to 01A = 01A and from t = 0 to

t = t yields:
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01A =

and

[exp( k ei[C B]. 0],

02A = 02A,fi [exP(- ke2[Ca ,0_,1
1

We can solve the above equations under the condition that the exchange rates
depend solely on the binding strength of the adsorbed molecules.

Unlike the self-exchainge study, our results from radiolabeling study implied that
the exchange rate constants of WT and TRP lysozymes did not depend on the binding
strength (determined by the resistance to DTAB elution) of the adsorbed molecules alone,
but also depend on the properties of the exchanging proteins and the interactions between

the adsorbed molecules vs. the exchanging molecules. Furthermore, experimental data
suggested a combination of exchange and desorption processes, therefore a more
generalized model of exchange with desorption mechanism was developed as depicted in
Figure 3.8.

kd
ke

Figure 3.8. Exchange with desorption mechanism.
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Equation describing this exchange with desorption mechanism are:
dOA

dt

= keC 80 A + kdO A

d0A
Bna

OA

eA

0

= e(k

B+kd)t

0A0

Taking a natural log of the above equation results in:
In °A

0 AO j

--=(keCB+Kd)t

This is the final form of the mathematical expression describing the fraction of the first
protein (A) remaining at the interface after introduction of the second protein compared
with before the introduction as a function of the exchange rate of protein A by protein B

(c), the rate of desorption (1(d), and the contact time of the second protein (t).
Linear regression analysis of the experimental data from radiolabeling study
resulted in kinetic rate constants shown in Table 3.4, assuming that the values of kinetic

rates were additive. Since desorption reaction is, to a certain extent, a function of the
concentration difference between the interface and the bulk, it is unlikely that the
desorption rate would remain the same when the bulk concentration of protein is not zero.
This explains some of the negative values obtained for the exchange rate constant, ICX",

of TRP replacing WT. Nevertheless the assumption of additive kinetic rates, though may
not be accurate, was necessary.

Results in Table 3.4 suggested that WT could exchange with the molecules of
adsorbed TRP on both hydrophobic and hydrophilic glass surfaces, with the exchange
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rate constant being higher on hydrophilic surface. The exchange rates also increased
slightly as the bulk concentration of the WT increased from 0.01 mg/ml to 1 mg/ml. At a
low bulk concentration of 0.01 mg/ml, TRP could not exchange with adsorbed WT on

Table 3.4. Kinetic rate constants obtained from sequential adsorption study of '21-labeled
lysozyme to glass cover slips (* indicates 1251-labeled protein).

Bulk cone.

Rate

of second

Constants

protein

(min')

WT*/TRP

TRP*/WT

Hydrophobic

Hydrophilic

Hydrophobic

Hydrophilic

K

0.0049

0.0088

0.0357

0.0802

0.01

K,

0.0062

0.0182

0.0150

0.0273

mg/ml

KeCB

-0.0013

-0.0094

0.0207

0.0529

K

0.0051

0.0245

0.0464

0.0835

K,

0.0062

0.0182

0.0150

0.0273

Keg,

-0.0011

0.0063

0.0314

0.0562

1 mg/ml

neither hydrophobic nor hydrophilic surfaces. However, when the bulk concentration of
TRP increased to 1 mg/ml a small fraction of adsorbed WT was replaced. Nevertheless,
the exchange rate constant of WT with TRP on hydrophilic surface at 1 mg/ml was still
approximately an order of magnitude lower than that of TRP exchanged by WT.
Considering the percent of adsorbed mass of WT and TRP that was elutable by
DTAB from hydrophobic and hydrophilic silica (Table 3.2), we can clearly see that TRP
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has a higher resistance to elution by DTAB than WT on both surfaces. Part of the reason
maybe due to the higher ratio of state 2 molecules to state 1 molecules that made up the

adsorbed protein film, when compared TRP to WT. Thus, if TRP exchanged with part of
the adsorbed WT on either of the surface, we should notice a decrease in the percent of

adsorbed mass of the mixed film that was elutable by DTAB. On the contrary if WT
exchanged with adsorbed TRP, we should see an increase in the percent of adsorbed mass

Table 3.5. Percent adsorbed mass eluted by DTAB after exposure to second protein.

Second

Second

protein

protein

conc.

contact time

(mg/m1)

(min)

0.01

15

First protein adsorbed mass eluted (%)
WT/TRP

Hydrophobic

75.2

30

1.0

TRP/WT

Hydrophilic

Hydrophobic

Hydrophilic

61.0

67.3

51.7

59.3

68.0

56.2

45

-

62.3

67.9

56.1

60

76.1

63.2

68.0

61.2

15

76.2

63.2

68.1

44.2

30

76.7

61.6

67.7

52.2

45

76.2

60.9

61.4

56.7

60

75.5

61.9

68.5

49.9
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eluted. Our results from sequential adsorption study by ellipsomtery (Table 3.5) exhibit
such trends, and are in agreement with the results obtained by radiolabeling study.
As mentioned earlier, data seemed to point to the same conclusion that exchange

of proteins did not depend mainly on the binding strength of the adsorbed films. The
properties of the adsorbing protein, e.g. its ability to adsorb when only a small amount of

unoccupied area was exposed, seemed to play a major role in the exchange reaction. Data
on adsorption of T4L on silica surfaces by successive loading method obtained by Sing la

(28) suggested that when the bulk concentration is very low, lysozyme tends to unfold

more upon adsorption. For this reason, we hypothesize that the amount of molecules
trying to adsorb in state 2 would decrease as the bulk concentration increases. This may
elucidate a higher exchange rate of TRP by WT when the bulk concentration of WT was
increased.

3.5 Summary

Adsorption kinetics shows that TRP mutant adsorbed at the interfaces more

tightly and occupied a greater interfacial area than the wild type. It also exhibited a
higher resistance to elution by DTAB. More WT tended to adsorb in state 2 on
hydrophilic silica than on hydrophobic silica, whereas more than 90% of TRP preferred

to adsorb in state 2 on both surfaces. The amount of adsobed protein exchanged by the
same species seemed to be partly dependent on the binding strength of the adsorbed

proteins. Data indicated that sequential adsorption of proteins occurred in the case of the
less stable mutant followed by the wild type, but was not clearly observed when proteins
were introduced in reversed order. It suggested that, in an exchange reaction properties of

69

the adsorbing protein may be more important than the conformational state of the protein
molecules already adsorbed.
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CHAPTER 4

ADSORPTION BEHAVIOR OF BACTERIOPHAGE T4 LYSOZYME
VARIANTS AT AIR-WATER INTERFACE

4.1 Abstract

The kinetics of adsorption of the wild type bacteriophage T4 lysozyme and two
structural stability variants at the air-water interface were studied, using a radiotracer

method. The lysozyme variants were produced by substitution of the isoleucine residue
at position 3 with cysteine (CYS) and tryptophan (TRP), resulting in mutant proteins with

higher and lower structural stability than that of the wild type protein, respectively. The
surface concentration of T4 lysozyme exhibited a brief induction period, followed by a

rapid adsorption. Initially the surface pressure of lysozyme solutions exhibited a lag

period, but then progressively increased for an extended period of time. Surface pressure
and surface concentration kinetics of the less stable mutant showed a shorter lag time and

a sharper increase than that of the wild type. Sequential adsorption experiments showed
that neither of the proteins could displace the previously adsorbed molecules at the

interface. Competitive adsorption of the TRP mutant and the wild type lysozymes from
binary solutions were also studied. Data indicated that adsorption of lysozyme cannot be
explained solely by the diffusion-limited process, and seemed to be hindered by an
energy barrier at the air-water interface.
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4.2 Introduction

Protein films adsorbed at interfaces are involved in situations that are important in

many areas of pharmaceutical, biomedical, and bioprocess technology. Bioseparation
and protein purification by chromatography and foam fractionation techniques involves
competitive adsorption of proteins and enzymes at solid-liquid interface, and gas-liquid

interface, respectively (1). Stabilization of foams using proteins is also a common
practice in the food industry. This is highly related to the adsorption behaviors of
proteins at the air-water interface (2). Adsorption of proteins at the interface and their
subsequent conformational changes result in decreasing interfacial energy, therefore

reducing the surface tension of the water (3). Since surface pressure is inversely
proportional to the surface tension, surface pressure kinetics can be used to monitor the
adsorption behavior of protein at the air-water interface.

Wei et al. (4) studied surface tension kinetics of superoxide dismutase,
cytochrome c, myoglobin, lysozyme, and ribonuclease, using the Wilhelmy plate method.
They found the kinetic behavior at low bulk protein concentration to be related to

protein's conformational stability. Xu and Damodaran (5) followed the surface pressure
of native, partially and fully denatured of hen egg white, human, and T4 phage

lysozymes. They proposed a mechanism for protein adsorption at air-water interface
whereby the driving force was considered to be the combination of the interfacial force
fields, contributing by hydrophobic, electrostatic, hydration, and conformational
potentials.

Kato and Yutani (6) measured the surface tension, foaming, and emulsifying

properties of the wild type and six mutants of tryptophan synthase a-subunits. They
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found that more stable mutants exhibited less surface activity, and concluded that protein
surface properties are partly determined by their conformational stability.
In this research, we investigated the influences of structural stability on adsorption

behavior of T4 phage lysozyme at the air-water interface. We recorded the surface
pressure kinetics and the surface radioactivity of '4C-Tabled protein solutions.

4.3 Materials and Methods

4.3.1 Materials

The transformed cultures of E. coli, containing bacteriophage T4 lysozyme (T4L)
wild type (WT), cysteine (CYS) or tryptophan (TRP) variant plasmids were obtained

from Professor Brian Matthews of the University of Oregon. Replacing isoleucine at
position 3 (Ile 3) with CYS resulted in a protein with AGunfoid., of 1.2 kcal/mol more than

that of WT protein. Substitution of Ile 3 with TRP residue resulted in a mutant protein
with AG,.,,,ng of 2.8 kcal/mol less than that of WT protein. Circular dichroism spectra
obtained by Tian et al. (7) for these proteins showed no differences in structural
conformation among the variants. Purification of proteins followed the established
procedures (8, 9). Ultrapure Na21-1PO4, NaHPO4, and NaCl were obtained from Aldrich

Chemical Co. (Milwaukee, WI). [14C]Formaldehyde was purchased from New England

Nuclear Co. (Boston, MA). Milli-Q water (produced with a system from Millipore Corp.,
Bedford, MA) with a resistivity of 18.2 MO.cm was used in all experiments.
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4.3.2 Radio labeling and protein assay

Lysozymes were radiolabeled with [14C] formaldehyde by reductive methylation

of the lysine residues as described elsewhere (10, 11). The protein concentration of stock
solutions were determined (E`% at 280 nm was 12.8 for WT and CYS, and 14.6 for TRP)

to be 0.726 mg/ml for WT, 0.736 mg/ml for CYS, and 0.660 mg/ml for TRP. The
specific radioactivities of the labeled proteins were determined with a scintillation

counter to be 0.4112 pCi/mg, 0.8995 pCi/mg, and 2.1981 pCi/mg for WT, CYS, and
TRP, respectively.

4.3.3 Adsorption kinetics from single protein systems

The kinetics of adsorption of proteins at the air-water interfaces was monitored as

described elsewhere (11-13). Briefly, a stock protein solution was diluted with 125 ml of
0.01 M phosphate buffer, pH 7.0 to obtain the final protein concentration of 1.5 .tg /mL
(1.5x10-4%). The solution was poured into a Teflon trough (21x5.56x1.27 cm') and the

surface was cleaned with an aspirator. The rate of change of surface concentration of the
radiolabeled protein was monitored by measuring the surface radioactivity with a Ludlum

gas proportional counter (Ludlum Measurements, Inc., Sweetwater, TX). The rate of
change of surface pressure was monitored simultaneously by the Wilhelmy plate method

(Cahn Instruments, Co., CA). In addition, the entire setup was housed in a chamber
maintained at 24 ± 0.2 °C and 90-95% relative humidity. Finally, a calibration curve
relating counts per minute (cpm) versus surface radioactivity (gCi/m2) constructed by
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spreading '4C-labeled I3-casein on the air-water interface was used to convert cpm to
i.tCi/m2 (14).

4.3.4 Competitive adsorption experiments

To monitor adsorption of the wild type from binary solution mixtures, stock
solutions of [14C] WT and unlabeled TRP were mixed with phosphate buffer to the

required bulk concentrations. The concentration of WT was kept constant at 1.5 tg /ml
whereas the concentration of TRP was varied to yield the final concentration ratio of
[14C]WT:TRP of 1:2, 1:1, and 2:1. Further, the binary mixtures were poured into the

Teflon trough. After the surface was swept, the rates of change in surface radioactivity
and surface pressure were monitored.

4.3.5 Exchange studies

The ability of WT and TRP to displace each other from the interface was studied.
First, 1.5 mg/m1 solution of "C-labled protein was allowed to adsorb for 8 h. Then the
stock solution of unlabeled protein was injected into the subsurface to yield the unlabeled
protein concentration of 1.5 Kg/ml, and the surface radioactivity was followed for another
4 h.

4.3.6 Preferential adsorption studies
To investigate whether a preferential adsorption occurred, the solution mixtures of
1:1 of [14C] WT: TRP, WT: [14C] TRP, and [14C] WT: [14C] TRP were diluted with
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phosphate buffer to obtain the combined bulk concentration of 1.5 µg /ml. The mixtures
were poured into the Teflon trough and the rate of change in surface radioactivity was

followed. Another experiment was performed out to compare the rates of change in
surface radioactivity of 1.5 [tg/m1 [14C]TRP solution to the 1.5 µg /ml solution mixture of
1:1 [I4C]TRP:TRP.

4.4 Results and Discussion

4.4.1 Adsorption kinetics from single protein systems

Kinetics of the surface concentration and surface pressure of the lysozyme wild
type, CYS mutant, and TRP mutant during adsorption from a 1.5 µg /ml solution are

shown in Figure 4.1. Similar to the study done by Xu and Damodaran (5), the surface
pressure kinetics of T4L exhibited a lag period. However, the kinetics of T4L adsorbed
mass showed a very brief induction period without any initial desorption from the

interface. Since the surface concentration values in these figures represent the net amount
of protein after correcting for the background radioactivity from the bulk phase, the
slightly negative values of adsorbed mass at time zero were results of experimental
deviations.

Kinetics of adsorption of WT protein (Figure 4.1a) and CYS (Figure 4.1b) are

very similar. It is apparent that the surface concentration of the protein solutions
increased with time and approached steady state after about 240 min of adsorption. The
surface pressure of WT and CYS solutions did not increase for over 100 min and the net
increase in the surface pressure was only about 6 mN/m after 1500 min of adsorption.
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Since the surface concentration seemed to reach an apparent equilibrium value
well before 1500 min while the surface pressure was still changing, it suggested that WT

and CYS retained much of their native structures upon initial adsorption. Then the
adsorbed molecules underwent a very slow unfolding process at the interface (15).
Unlike the behavior of WT and CYS, TRP (Figure 4.1c) demonstrated a shorter
surface pressure lag time, a shorter induction period for surface concentration, and a

sharper increase in both the surface pressure and surface concentration. This indicated
the ability of TRP to unfold more rapidly upon adsorption. However, its surface pressure
also did not reach a steady-state value after 1500 min of adsorption.

Wang et al. (3) studied the surface tension kinetics of various stability mutants of

T4L. In general the surface tension of the more stable variants was higher than that of the
less stable mutants, and the rate and extent of surface tension changes decreased as At G

increased. MG is defined as the difference between AG.ntolding of wild type and that of the
mutant protein. Our results are in agreements with their findings. The results are also in
agreement with data obtained by Tian et al. (7) on adsorption study of T4L to colloidal
silica particles. They found that after 90 min of adsorption at 1:1 ratio of protein:
particle, the a-helix loss of WT, CYS, and TRP was 12, 10, and 24%, respectively.
The adsorption process of amphiphilic molecules from a very dilute bulk phase to
the air-water interface was proposed a diffusion-controlled mechanism by Ward and

Tordai (16). The rate of arrival of protein molecules at an interface can be expressed as
follows:
F= 2Co(Dapprf2 t 112

[Eq.4.l]
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where F,C,Dapp, and t are protein adsorbed mass per surface area, bulk phase
concentration, apparent diffusion coefficient, and time, respectively (3, 11, 15). The
values of Dapp for each plot were calculated from the linear portions of the plots (Figure
4.1), and tabulated in Table 4.1 (see Appendix G).

Table 4.1. Apparent diffusion coefficient (Dapp) of bacteriophage T4 lysozyme at the airwater interface, calculated from the linear portions of the experimental data shown in
Figure 4.1.

Protein

DOG (kcal/mol)

Slope

R2

Dapp (cm2/s)

CYS

+1.2

1x10-6

0.9889

3.49x10 -7

WT

0

1 x10-6

0.9811

3.49x10-7

TRP

-2.8

2x10'6

0.9888

1.40x10-6

* le is the correlation coefficient

Diffusion coefficient of T4L in water was also estimated using the StokesEinstein equation (17):

D=

kT

[Eq.4.2]
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where D, k, T, rJ, and care diffusion coefficient of molecule in solution, Bolzmann's
constant, absolute temperature, viscosity of the solvent, and molecular radius,
respectively. Estimated rm from the hydrodynamic particle size was 1.52 nm (18, see
Appendix F), therefore the diffusion coefficient of T4L is approximately 1.43x10-6cm2/s.

We can see that the apparent diffusion coefficient of the wild type and CYS lysozyme is
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at least an order of magnitude lower than the value in solution (water). However, the
apparent diffusion coefficient of the more flexible mutant (TRP) is approximately equal

to the value in the solution. These results are similar to Xu and Damodaran's data (5)
when compared the apparent diffusion coefficient of the native T4L to that of the fully
denatured lysozyme.

Our results suggested that T4 lysozyme seemed to experience an energy barrier
that hinders their adsorption at the air-water interface, and that data in Table 4.1 cannot be

explained solely by the theory of diffusion-limited adsorption process. This is because a
less stable protein is more flexible and thus has a higher hydrodynamic size than the wild

type protein. If the diffusion-limited adsorption process is true, TRP mutant should have
exhibited a lower diffusion coefficient than that of the wild type. The surface
concentration kinetics of T4L from experiments were compared to that predicted by

[Eq.4.1] as shown in Figure 4.2. It is clearly seen that the experimental data is much
lower than that predicted by the diffusion-limited process. The diffusion-controlled
theory also requires that when the surface is clean, the activation energy (Ea)to adsorption

at the interface is equaled to zero (15). This is not in an agreement with the experimental
data from which the lag period is clearly observed. According to Xu and Damodaran (5)
a diffusion-limited adsorption process is more likely for flexible proteins, but not for
highly-charged and tightly folded globular proteins such as T4 lysozyme.

4.4.2 Competitive adsorption experiments

The effects of TRP concentration in the bulk phase on the kinetics of adsorption
of WT are shown in Figure 4.3. By keeping bulk [ 14C]WT concentration at 1.5 tg /ml
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while changing the bulk concentration of unlabeled TRP from 0.75 to 3.0 tg /ml, the ratio

of WT to TRP was varied from 2.0 to 0.5. According to the plots, an increase in TRP
concentration continuously decreased the extent of WT adsorption at the air-water

interface. The induction time of surface pressure kinetics of the mixture decreased with
an increase in TRP concentration. No induction period was observed in the case of
interfacial adsorbed mass kinetics. In the case of surface pressure kinetics, it is
interesting to see that the presence of only 0.75 tg /ml TRP in the bulk phase resulted in a

decrease in lag time from more than 100 to approximately 25 min. The lag time of the
mixed protein solution progressively decreased with increasing concentration of TRP in

the bulk phase. This may be due in part to the higher total bulk concentration which
resulted in more molecule-molecule and molecule-surface collisions.

An increase in TRP concentration in the bulk phase also led to a decrease in Dc,

of WT (Figure 4.4). It implies that WT could not compress the adsorbed TRP molecules
to create more adsorption sites for itself (1). This resulted in a decrease in unoccupied
binding sites available at the interface as increasing numbers of TRP adsorb to the
interface. If WT and TRP adsorb independently, DG,,,, of WT should remain the same in

all cases. Figure 4.3c and 4.3d show the surface concentration kinetics of [14C]WT
adsorbing from the mixtures of 1:1, and 1:2 of [14C]WT:TRP, respectively. It is noticed
that the adsorbed mass of [14C]WT in Figure 4.3c is less than half of that shown in Figure
4.3a, and that the adsorbed mass of [14C]WT in Figure 4.3d is less than one-third of that

shown in Figure 4.3a. These results suggested that there is a preferential adsorption of
TRP over [14C]WT at the air-water interface, and that the ratio of surface concentrations
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of [14C]WT and TRP in the mixed film cannot be determined by the concentration ratio in

the bulk phase.

4.4.3 Exchange studies

The results from displacement studies of adsorbed [14C] T4L at the interface by

bulk phase T4L are shown in Figure 4.5. When unlabeled WT or TRP was introduced
into the subsurface of [14C] WT after equilibrium adsorbed mass has been attained, there

was no significant changes in surface radioactivity of the adsorbed layer. Similar results
were obtained for the injections of unlabeled WT and TRP into the subsurface of [14C]

TRP after its adsorption equilibrium was reached.

4.4.4 Preferential adsorption studies

Results from two different studies on preferential adsorption of '4C-labeled

lysozyme are shown in Figure 4.6a and b. Both experiments suggested that preferential
adsorption between unlabeled and labeled T4 lysozyme likely occurred. In Figure 4.6a,
the surface cpm of molecules adsorbing from the mixture of 1:1 of [14C]ATT:C4CYFRP is

higher than the arithmetic sum of molecules adsorbing from the 1:1 ratio mixtures of
[14CJWT:TRP and WT:[14C]TRP. Considering the surface cpm of molecules adsorbing

from the binary mixture of [14C]TRP and unlabeled TRP (Figure 4.6b), it is much lower

than what would be expected for adsorption from a 1:1 mixture solution if radiolabeling

has no effects on adsorption behavior of lysozyme. Though we suspect that radiolabeling
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with '4C isotope slightly altered the interfacial behavior of T4 lysozyme, resulting in a
lower adsorbed mass of labeled proteins at the interface.

4.5 Summary

The results of this study suggested that the adsorption process of T4 lysozyme is
affected by the structural stability of the protein. Data from adsorption kinetics of single
protein systems indicated that adsorption of T4 lysozyme from the dilute bulk phase to

the air-water interface is not diffusion-limited. The adsorption behavior of the more
stable proteins (WT and CYS) seem to experience a higher energy barrier to adsorption at
the interface than the adsorption behavior of the less stable protein (TRP).
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CHAPTER 5
CONCLUSIONS

Adsorption at solid-water interfaces were monitored with in situ ellipsometry and
125

I-radiolabeling. A comparison of the adsorption behavior to a simple model allowing

parallel, irreversible adsorption into two conformational states directly from the single
protein solution suggested that the extent and rate of adsorption are dependent on the

conformational stability of the protein. The less stable variant adsorbed at the solid
surface in a more tightly bound state and occupied more surface area.
According to the 1251-radiolabeled data, the amount of adsorbed protein exchanged

by the same species from the bulk (self-exchange), is to some extent dependent on the

binding strength of the adsorbed protein. However, when the protein is exchanged with a
dissimilar protein, the exchange reaction seems to be affected by the properties of the

adsorbing protein rather than the binding strength of the adsorbed molecules. This
phenomenon was also supported by results from ellipsometrically monitored sequential
protein adsorption kinetics.
The kinetics of adsorption at the air-water interface of T4 lysozyme were
monitored by measuring the surface radioactivity of "C-radiolabled protein, and by
simultaneously measuring the change in surface pressure with the Wilhelmy plate

method. Results indicated that adsorption of T4 lysozyme from a dilute bulk phase to the
air-water interface is not diffusion-limited, contrary to normal assumptions relevent to

this kind of experiment. The adsorption process is determined largely by the
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conformational stability of the protein, and the more stable protein seems to experience a
higher energy barrier to adsorption.

Competitive adsorption experiments suggested that there is a preferential
adsorption of the less stable variant over the wild type at the air-water interface, and that
the ratio of surface concentrations of each species in the mixed film cannot be determined

from the concentration ratio in the bulk phase. Unlike the behavior exhibited at the solidwater interface, neither of the species adsorbed at the air-water interface can be replaced
once the steady state was achieved. This may not be a fair comparison because the time
needed for protein to reach steady state in these experiments is much longer at the airwater interface.
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APPENDIX A
Determination of surface contact angles

Contact angles of silica surfaces and glass cover slips were measured with a

goniometer. Deionized distilled water was used as a diagnostic liquid when measuring
contact angles of hydrophilic and hydrophobic glass cover slips. A series of EtOH in
water solutions was used as diagnostic liquids when measuring the contact angles of

hydrophobic and hydrophilic silica. Measurements were repeated at least 3 times and the
average values as well as the standard deviations were calculated and tabulated in Table

Al and A2.

Table Al. Contact angles of hydrophobic and hydrophilic glass cover slips as measured
with a goniometer, using deionized distilled water as a diagnostic liquid.

Contact Angle (degree)
Surface

Sample

Sample

Sample

Average

#1

#2

#3

(± SD)

Hydrophobic

74.0

73.0

71.5

72.8 ± 1.3

Hydrophilic

5.0

7.0

4.5

5.5 ± 1.3
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Table A2. Contact angles of hydrophobic and hydrophilic silica as measured with a
goniometer, using deionized distilled water, 15% ethanol, and 30% ethanol as diagnostic
liquids.
Contact Angle (degree)
Surface

Diagnostic

Average
#1

#2

#3

#4

Liquid

Hydrophobic

Hydrophilic

(± SD)

DDW

82.0

77.0

78.0

83.0

80.0 ± 1.3

15% EtOH

58.0

59

58.0

60.5

58.9 ± 1.2

30% EtOH

55.0

53.5

52.0

53.0

53.4 ± 1.2

DDW

12.5

10.0

14.0

16.5

13.2 ± 2.7

15% EtOH

8.0

6.5

5.5

6.0

6.5 ± 1.1

30% EtOH

0

0

0

0

0
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APPENDIX B
Determination of percent adsorbed mass eluted by DTAB
from single protein systems

In order to calculate the amount of protein adsorbed that is elutable by DTAB, the
average values of the adsorbed mass after the first rinse and the adsorbed mass after the

second rinse were estimated (see Figure B1). Then the percent mass eluted was
calculated from:

%Eluted = (R1 R2) *100
R1

where R1 = the average adsorbed mass after the first rinse,
and

R2 = the average adsorbed mass after the second rinse.

0.5

0.4

4

E

A 0.3

Wild type adsorption
Rinse mass 1

0.2
O

4161110 ____ Add DTAB

~IN&

0.1

4 Rinse mass 2

0

0

30

60

90

120

150

Adsorption Time (min)

Figure B 1. Adsorption kinetics of wild type on hydrophobic silica, follows by elution
with DTAB.
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The average values of percent adsorbed mass eluted by DTAB for wild type and TRP
mutant from hydrophobic and hydrophilic silica after 30 min and 2 h adsorption are
shown in Table B 1.

Table Bl. Percent adsorbed mass eluted by DTAB from hydrophobic and hydrophilic
silica surfaces after 30 min and 2 h adsorption.
Surface

Hydrophobic
Protein

Rinsed

Hydrophilic

After

Rinsed

After

Mass

DTAB

(mg/m2)

(mg/m2)

%

%

Mass

DTAB

(mg/m2)

(mg/m2)

Wild Type

2.809

0.755

73.1

2.401

0.871

63.7

TRP Mutant

2.034

0.769

62.2

2.035

1.045

48.6

Wild Type

2.952

0.728

75.3

2.561

0.853

66.7

TRP Mutant

2.135

0.770

63.9

2.097

1.090

47.9

Eluted

Eluted
30 min

2h
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APPENDIX C
Determination of percent adsorbed mass eluted by DTAB
from sequential adsorption systems

In order to calculate the amount of protein adsorbed that is elutable by DTAB
after contacting the pre-adsorbed surface with the second protein, average values of the
adsorbed mass after the first rinse and the adsorbed mass after the third rinse were

estimated (see Figure C1). Then the percent mass eluted was calculated from:
%Eluted

R3) *100
R1

where R1 = the average adsorbed mass after the first rinse,
and

R3 = the average adsorbed mass after the third rinse.

0.5

0.4
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/491.114114
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Figure Cl. Sequential adsorption kinetics of TRP on hydrophilic silica,
follows by WT and DTAB, respectively.
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The average values of percent adsorbed mass eluted by DTAB for sequential adsorption
experiments of wild type followed by TRP, and of TRP followed by wild type from

hydrophobic and hydrophilic silica are shown in Table Cl.

Table Cl. Percent adsorbed mass eluted by DTAB after exposure to second protein.
Second

Second

protein

protein

conc.

contact time

(mg/ml)

(min)

0.01

First protein adsorbed mass eluted (%)
WT/TRP

1.0

TRP/WT

Hydrophobic

Hydrophilic

Hydrophobic

Hydrophilic

15

75.2

61.0

67.3

51.7

30

-

59.3

68.0

56.2

45

-

62.3

67.9

56.1

60

76.1

63.2

68.0

61.2

15

76.2

63.2

68.1

44.2

30

76.7

61.6

67.7

52.2

45

76.2

60.9

61.4

56.7

60

75.5

61.9

68.5

49.9
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APPENDIX D
Determination of kinetic rate constants of T4 lysozyme adsorption
from the parallel adsorption model

Parameters k1C and k2C are directly determined by non-linear regression analysis

of the ellipsometric data fit to the parallel adsorption kinetic model proposed by McGuire

et al. (1995b), shown in Figure 1.1b. Only the first part of the data (first protein
adsorption and rinse) was used to calculate the kinetic rate constants governing the

adsorption behavior of lysozyme from single protein systems. In using this model, the
values of a (the ratio of the interfacial area occupied by a molecule adsorbed in state 2 to
that occupied by a molecule adsorbed in state 1) for hydrophilic and hydrophobic silica

surfaces were 2.095 and 2.052, respectively. These are values estimated from
experimental data, assuming a monolayer coverage. Values of parameters k1C, k2C, from
each replication, as well as their standard deviations for adsorption to hydrophobic silica

are shown in Table Dl and D2. Same parameters for adsorption to hydrophilic silica are
shown in Table D3 and D4. The average values of k1C, k2C, and the ratio k2/k1 are

tabulated in Table D5.
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Table Dl. Kinetic model parameters from the parallel adsorption model (Figure 1.1b) for
the wild type lysozyme on hydrophobic silica, using non-linear regression analysis.
Rate Constants (min -1)

Filenames
K1C

K2C

614w4
623w
417w
522w
526w
97917w3
97703w1
97704w2
518w
519w2
97820w1
97820w2
97915w1
97915w2

0.366642
0.443681
0.383093
0.241898
0.285738
0.302108
0.241676
0.296356
0.255423
0.216213
0.246342
0.113198
0.314244
0.289578

0.232713
0.253004
0.200706
0.199917
0.23385
0.155932
0.152363
0.172943
0.161364
0.135898
0.295066
0.160301
0.177755
0.172021

Average ± SD

0.285 ± 0.077

0.193 ± 0.044
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Table D2. Kinetic model parameters from the parallel adsorption model (Figure 1.1b) for
TRP mutant lysozyme on hydrophobic silica, using non-linear regression analysis.
Rate Constants (min -1)

Filenames

605tt
0103ttt
1105t1
1103t1

408t2
501t
97108t1
97918t1
97108t2
410tt
412t
97102t1
9710212

412t2
97103t1
97107t1
97831t1
97920t
97921t
97828t1
97829t1
97829t2
97827t1
97827t2
97922t
97901t1
97923t
97924t

Average ± SD

K1C

K2C

0.050416
0.040544
-0.01709
0.000908
0.007728
-0.00143
0.01114
0.090827
0.008121
0.041159
0.133342
0.019575
-0.00812
0.067254
0.0024016
0.018212
0.035098
0.057493
0.07507
0.04534
-0.00674
0.027014
-0.0098
0.086428
0.038615
0.020611
0.048503
0.099915

0.356392
0.246094
0.589522
0.208752
0.234845
0.421505
0.367361
0.417913
0.313855
0.377368
0.508685
0.499347
0.519334
0.469416
0.52073
0.553393
0.410696
0.546008
0.331437
0.508546
0.590857
0.619316
0.643827
0.353243
0.490365
0.367116
0.346554
0.406402

0.035 ± 0.037

0.436 ± 0.115
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Table D3. Kinetic model parameters from the parallel adsorption model (Figure 1.1b) for
the wild type lysozyme on hydrophilic silica, using non-linear regression analysis.
Rate Constants (mm 1)
Filenames
K1C

K2C

97723w2
97819w2
97911w
9765w1
97730w1
97818w2

0.130021
0.176867
0.179966
0.10508
0.14155
0.136862
0.13205
0.15172
0.223448
0.124199
0.096447
0.16322
0.221837
0.120519
0.175666
0.14599
0.158599
0.134026
0.128953
0.1033
0.156699
0.087208
0.127611
0.170573
0.1214809
0.110767
0.107054
0.098692

0.195726
0.282039
0.211671
0.237127
0.219036
0.155279
0.181664
0.239688
0.198912
0.201622
0.142924
0.250185
0.245983
0.170698
0.176304
0.244772
0.279741
0.256065
0.187836
0.312672
0.25785
0.190828
0.184086
0.269758
0.2099234
0.232347
0.1226
0.165871

Average ± SD

0.140 ± 0.034

0.215 ± 0.045

614w
621w
0107w2
514w
502w2
502w
612w
514w2
502w3
515w
612w2
97524w 1

97602w
97603w
97605w
97818w1
97721w1
97722w1
97722w2
97723w1
97819w1a
97731 w 1
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Table D4. Kinetic model parameters from the parallel adsorption model (Figure 1.1b) for
TRP mutant lysozyme on hydrophilic silica, using non-linear regression analysis.
Rate Constants (mm -1)
.

Filenames

603t3
621t2
41712

409tt
409t3
97831t2
410t
410t2
425t
429t
429t2
501t3
430t
430t2
501t2
97528t1
97528t2
97801t2
97801t1
97524t2
97524t1
97530t1
9763t1
9763t2
97525t1
97526t1
9752612

Average ± SD

K1C

K2C

0.00833
0.024435
-0.00588
0.015176
0.126127
0.016926
-0.00935
0.075571
0.013141
0.031711
0.01841
0.007285
0.005918
0.035344
0.017271
0.148541
0.04335
0.095671
0.084679
-0.02492
0.15277
0.051232
0.011075
0.07446
0.069503
0.101214
0.066377

0.382621
0.355072
0.420634
0.400064
0.264535
0.419623
0.368781
0.39605
0.370297
0.407076
0.444115
0.398333
0.389469
0.418695
0.349276
0.40957
0.333295
0.277784
0.370229
0.762942
0.410964
0.465088
0.46004
0.239578
0.416163
0.97654
0.40984

0.0464 ± 0.047

0.419 ± 0.141
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Table D5. The average values of kinetic rate constants from ellipsometric measurements,
based on the parallel adsorption model (Figure 1.1b).
Rate Constants
Protein

Wild Type

TRP Mutant

Surface
KiC (min "1)

K2C (min 4)

K2/ Ki

Hydrophobic

0.285

0.193

0.7

Hydrophilic

0.140

0.215

1.5

Hydrophobic

0.035

0.436

12.5

Hydrophilic

0.046

0.419

9.1
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APPENDIX E
Determination of kinetic rate constants from radiolabeling experiments

The exchange rate constants of 125I-labeled lysozyme were obtained by combining

the data from 2 experiments; sequential adsorption, and spontaneous desorption studies.

Radioactivity data was compared to the ellipsometric adsorbed mass of lysozyme. The
changes in radioactivity of the labeled protein after contacting with the unlabeled second
protein with respect to the original radioactivity were plot as a function of the second

protein contact time. Only the initial data was used in the linear regression analysis of

the plots. Rate constants K and Kd can be obtained by modifying [Eq. 2.21] to be fit to
the plots shown in Figure El, E2, E3, and E4.
In the presence of second protein in sequential adsorption experiement, [Eq.2.2 1]

I
becomes:

In

A

= Kt

AO /

where

K = KeCB + Kd.

[Eq.El]

Without the second protein in the bulk concentration (spontaneous desorption
experiment), KeCB becomes zero. Therefore,
eiA

= Kdt .

[Eq.E2]

ln[ °A0
Rate constant KeCB can be calculated by subtracting Kd from K as shown in [Eq.El].
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Figure El. Exchange kinetic plot of 1251-labeled WT on glass surfaces.
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Figure E3. Desorption kinetic plot of 1251-labeled WT on glass surfaces.
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Rate constants K, Kd, and KeCB from sequential adsorption of WT followed by TRP, and

of TRP followed by WT on hydrophilic and hydrophilic glass cover slips are tabulated in

Table El .
Table El. Kinetic rate constants obtained from sequential adsorption study of 1251-labeled
lysozyme to glass cover slips (* indicates 1251-labeled protein).
Bulk conc.
of second
protein

0.01 mg/ml

1 mg/ml

Rate

WT*/TRP

Constants Hydrophobic

Hydrophilic

TRP * /WT

Hydrophobic

Hydrophilic

(min-1)

K

0.0049

0.0088

0.0357

0.0802

Kd

0.0062

0.0182

0.0150

0.0273

KeCB

-0.0013

-0.0094

0.0207

0.0529

K

0.0051

0.0245

0.0464

0.0835

Kd

0.0062

0.0182

0.0150

0.0273

KeCB

0.0011

0.0063

0.0314

0.0562
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APPENDIX F
Determination of diffusion coefficient for T4 lysozyme in water

Diffusion coefficient of T4 lysozyme in water can be estimated using the StokesEinstein equation (Krijgsman, 1992):

D=

kT

6rm

[Eq.F1]

where D = diffusion coefficient (m2/s),
k = Bolzmann's constant (1.38x10-23J/K),
T = absolute temperature (K),
= 3.1416,

= viscosity of the solvent (Pa-s),
and

rm = molecular radius or Stokes radius (m).

The adsorption experiments at air-water interface were carried out 24 °C. We assumed
the viscosity of the diluted protein solution to be equal to that of pure water, which is 10-3

Pa-s. Substituting T= 24+273 = 297 K into [Eq.F1]:
D=

or

D=

(1.38x10-23)* (297)

16*(3.1410*(101 *rm
2.17 x10-19

[Eq.F2].

rm

T4 lysozyme molecule is a cylinder with N-terminal lobe diameter of 2.4 nm, and

C-terminal lobe diameter of 2.8 nm. The cylinder is 5.4 nm in height. Since the
molecule is non-spherical, we need to estimate rm from the hydrodynamic particle size by
using the following equation:
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d=

d

[Eq.F3]

where dp = hydrodynamic particle diameter (m),
= sphericity of the particle (dimensionless),
and

dsph = diameter of a sphere having the same volume as the particle.

According to Levenspiel (1986), the sphericity of particles in cylinder shape is
equal to 0.87 when the cylinder height (h) is equal to the cylinder diameter (d), and equal

to 0.70 when h is equal to 5d. In our case, the average cylinder diameter (average from
N- and C-terminal lobes) is equal to 2.6 nm, and h is equal to 2.08d. Therefore the
sphericity of T4 lysozyme is approximately 0.80.
Volume of T4 lysozyme cylinder (Vc) can be calculated from:
= zr,2 h
rd ,2 h

=
V =

4

[3.1416*(2.6x10-9)*(5.4x10-1
4

V, = 2.87 x10-26m3.
Volume of a sphere (Vsph) is calculated by:
Vsph =

4 7sph
sph

2.87x10 -26 = 4 *(3.1416)* rah
3
1-3
sph

= 6.85 x10-27

rsph =1.90x10-9

or

dsph = 3.80x10-9.

Substitution of dsph= 3.80x10-9 m, and 0 = 0.80 into [Eq.F3] yields dp = 3.04x10-9 m.

[Eq.F2] can be modified as:
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2.17x10-9
dp

[Eq.F4].

Substituting do into the above equation results in diffusion coefficient of 1.43x10-1° m2/s
or 1.43x10-6 cm2 /s.
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APPENDIX G
Determination of diffusion coefficient for T4 lysozyme at air-water interface

According to Xu and Damodaran (1992) the apparent diffusion coefficient of
lysozyme at the air-water interface can be estimated from the experimental data, using the
following equation:
F = 2C, (Dapp /it )05 to 5

[Eq.G1]

where F. surface concentration (mg/cm2),
Co, = bulk concentration (1.5 mg/ml),
D app = apparent diffusion coefficient (cm2/s),

r= 3.1416,
and

t = square root time (s").
Since [Eq.G1] is a linear relationship and does not apply for lag and plateau

periods, only the straight portions of experimental data (Table Gl) can be used to
estimate the apparent diffusion coefficient (see Figure G1).
Figure G1 shows the relationship between the surface concentration of lysozyme
and the square root time. We can use [Eq.G1] to fit the data and find Dapp from:

D

= 31416 * (slopX
3)00-3

The results are presented in Table G2.

[Eq.G2].
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Table Gl. Surface concentration of bacteriophage T4 lysozyme at the air-water interface.
Surface concentration (mg/cm2)
Time

Square root

(min)

time (s")

WT

CYS

TRP

40

48.99

8.02x10-6

1.44x10-5

2.18x10-5

50

54.77

1.17x10-5

2.46x10-5

3.28x10-5

60

60

2.04x10-5

3.25x10-5

4.33x10-5

70

64.81

2.99x10-5

4.13x10-5

5.27x10-5

80

69.28

3.52x10-5

4.62x10-5

6.02x10-5

90

73.48

4.06x10-5

4.93x10-5

6.43x10-5

100

77.46

4.63x10-5

5.63x10-5

6.75x10-5

8.00E-05
7.00E-05
6.00E-05
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Figure Gl. Relationship between the surface concentration of lysozyme and the
square root time.
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Table G2. Apparent diffusion coefficient of bacteriophage T4 lysozyme at the air-water
interface, using [Eq.G2].

Protein

.6.6,G

Slope

R2

Dapp (cm2/s)

(kcal/mol)

CYS

+1.2

1x10-6

0.9889

3.49x10-7

WT

0

1 x10-6

0.9811

3.49x10-7

TRP

-2.8

2x10-6

0.9888

1.40x10-6
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APPENDIX H
Determination of surface oxidation time

Before the silica plates were cut and treated, they were oxidized in a furnace
under 1 atm 02 and 1,000 °C until the oxide layer on the surface is approximately 300 A
to reduce signals originated from refraction of the light due to the original oxide layer

(about 20 A). This number is arbitrarily chosen. In order to determine the oxidation
time, silica plates are baked in a furnace under the specified conditions for 5, 10, 15, 20,

25, 30, and 35 min. After cooling down to the room temperature the thickness of oxide
layer was measured, and the relationship between the thickness of the oxide layer and the

oxidation time was shown in a semi-log scale (Figure H1). From this relationship, the
oxidation time that will result in a 300 A thickness of oxide layer is approximately 17
min.

1000
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Figure Hl. Relationship between oxidation time of the silica plate and the resulted
thickness of oxide layer.

