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l. INTRODUCTION

The interaction of proteins with surfaces is a phenomenon that occurs in numer-
ous processes [1-5). This arises from the strong affinity for the solid-liquid and
liquid-gas interfaces of these biopolymers, which is a consequence of the flexibil-
ity of the polypeptide chain and, above all, of the diversity of the physicochemical
properties of their constitutive monomers. The 20 amino acids have side chains
that can be classified on a hydrophobicity scale as nonpolar to polar and on an
electrical scale as negatively, neutrally, or positively charged. This variety is far
greater than the physicochemical properties of the constitutive sugars of polysac-
charides or the nucleotides of nucleic acids and explains the unique properties
of proteins with regard to their adsorption.

These surface-active properties of proteins are important for understanding
overall soil functions. Biogeochemical cycles of major elements (C, N, P, and
S), thizosphere phenomena, and some aspects of the degradation of xenobiotics
are affected by protein adsorption {6-30]. Two properties of proteins are at the
basis of this ecological importance. First, many of these proteins are enzymes,
i.e., biological catalysts, and are involved in various chemical reactions in soils.
Second, proteins have an average N content of 16% and are a main source of
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this element when proteins are released in soil after death of the biota and lysis
of membranes. Thus, in the soil nitrogen cycle, proteins can be both catalysts,
such as proteases and amidases, and N-rich substrates.

The enzymes found in soil have several origins and mechanisms of release.
The most important sources are microorganisms, both bacteria and fungi. Root
exudates make lesser contributions and soil fauna even less. The specialization
of microorganisms in the secretion of extracellular enzymes is well evidenced
in mycorrhizal associations where the fungal symbionts secrete phosphatases [31]
and proteases [32] to mobilize P and N from soil organic matter. As concerns
the mechanism of release, the enzymes are either essential for the survival and
growth of the microorganism and are actively secreted, or they are released in
soil after the death of the organism and the lysis of membranes.

The main functions of extracellular enzymes are to transform insoluble
substrates into soluble products and to decrease the structural complexity of the
original substrates. Most of the chemical compounds released in soil after the
death of organisms are in a polymeric form and are frequently either insoluble
(e.g., cellulose, starch, chitin) or adsorbed on soil surfaces. As microorganisms
have limited mobility in the pore system of soil, they need to secrete enzymes
to reach these polymers and to hydrolyze them into compounds with lower molec-
ular weight that can be desorbed and made soluble. These products of the enzyme
reaction can diffuse in the water-filled part of the pore system, and a fraction can
reach the microorganism producing the enzyme. The interception of the diffusing
products is more efficient if a spatially scattered population of microorganisms
is considered rather than a single isolated microorganism. The second effect is
linked to the specificity of the membrane transport systems of organisms. Com-
pared with the relatively small number of constitutive monomers of biopolymers
(20 amino acids, approximately 10 relatively abundant monosaccharides, five
nucleotide bases) or chemical groups important in nutrition that can be released
from these polymers (e.g., orthophosphate, sulfate), the number of molecular con-
formations increases exponentially with the number of monomers present in the
polymer. To avoid this exponential requirement for different specific membrane
transport systems, the enzymatic hydrolysis of biopolymers into monomers or
low-molecular-weight oligomers is a favored mechanism. As the biogeochemical
cycles of C, N, P, and S always imply a transformation from a polymeric form
to small simple chemical groups, it can be assumed that all biogeochemical cycles
in soil depend at some stage on the action of extracellular enzymatic systems
(cellulases, amylases, xylanases, proteases, amidases, nucleases, lipases, phos-
phatases, arylsulfatases, etc.).

From a historical point of view, soil scientists led the research on the inter-
action between proteins and colloidal surfaces from the 1930s to the 1960s [33-
36]. In particular, McLaren and co-workers, as early as the 1950s [37-39], dem-
onstrated two essential aspects that explained most of the behavior of enzymes
adsorbed on electrically solid surfaces, i.., the shift in pH for the optimal activity
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of an adsorbed enzyme and the maximum in the adsorption of proteins at the
isoelectric point (pI). However, they failed to reach the appropriate mechanistic
explanation for these two observations, for reasons that will be explained later
and that were related to a lack of understanding of the stability of protein structure
in the scientific community at that time and to a misinterpretation of a thermody-
namic parameter.

In the last 30 years, several new topics involving the interaction of proteins
with surfaces have emerged, and the human and financial forces engaged in un-
derstanding this phenomenon have now shifted largely toward biotechnological
processes and problems of human health. These new topics include immobilized
enzyme reactors, solid-phase immunoassays, enzyme electrodes, biocompatibil-
ity of medical implants to avoid induction of thrombosis, and fouling of contact
lenses and filtration membranes for water treatment. This list will, undoubtedly,
become larger with time.

The aim of this chapter is to show that if the enzyme activity in soil is
analyzed at a molecular level as the consequence of physicochemical interactions,
a vast scientific literature becomes available to soil scientists. To achieve this,
analogies must be drawn between various systems, and, therefore it is necessary
to understand the nature of the forces involved. The new biotechnological and
medical studies do not focus on surfaces or coating polymers that are relevant
to soil science, such as clays, oxyhydroxides, or humic substances. A noticeable
exception is the growing use of muscovite surfaces as a support for the study of
polymers by techniques such as surface force apparatus or atomic force micros-
copy where atomically smooth surfaces are required. Because muscovite, a mica,
is a phyllosilicate, it shares many surface properties with clay minerals.

Nevertheless, the long-term consequences of interactions with solid sur-
faces regarding genetic evolution toward enzyme structures better adapted for
catalysis in the adsorbed state (i.e., not unfolding on surfaces) will remain specific
to the biology of natural ecosystems, especially soils. In contrast, all the biotech-
nological and medical devices involving adsorption of proteins are man-made
situations where the proteins used will never be in contact with the surface of
interest under natural conditions, thereby allowing no expression of evolutionary
phenomena. In the future, the topic of evolutionary adaptation of enzymes that
are naturally in the presence of solid surfaces will probably attract a growing
interest of scientists working in other fields than soil for its possible biotechnolog-
ical applications.

ll. FORCES AFFECTING ADSORPTION AND
CONFORMATION OF PROTEINS ON SURFACES

The study of the effect of various physicochemical factors on the quantity of
protein adsorbed on surfaces cannot be separated from the study of the conforma-
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tion adopted by the proteins on these surfaces. As will be shown later, two reasons
can be invoked for this joint approach. First, a modification toward a less struc-
tured conformation on the surface is itself a contribution to the driving forces of
adsorption, as it increases the entropy of the system and thus decreases the Gibbs
energy, a necessary condition for spontaneous adsorption. Second, and con-
versely, the modification of conformation often leads to an increase of the specific
interfacial area of the surface of contact between the adsorbed proteins and the
solids, which has an effect on the maximum quantity of protein adsorbed per
unit of surface area. It is, thus, difficult to deduce the degree of affinity of proteins
for surfaces from the plateau values of the isotherms of adsorption data. For
example, a lower quantity of a protein adsorbed under physicochemical condition
1 than under physicochemical condition 2 does not necessarily mean (as is too
often asserted) that the forces of interaction between the protein and the surface
are lower under condition 1 than under condition 2, as higher forces of interaction
under condition 1 could result in an unfolding and spreading of the protein on
the surface and in a lower quantity of protein in the adsorbed monolayer.

In addition, the diversity of the physicochemical properties of both soil
surfaces and proteins makes understanding their interactions difficult, as several
types of interactions, either entropic or enthalpic, act concurrently because no
surfaces or proteins can give rise to only one type of interaction. Moreover, as
pointed out below in the discussion of the factors involved in the structural stabil-
ity of proteins in solution, a third component, the solvent, is involved, and its
contribution to the interaction is as important as the contributions of the surface
and the protein themselves.

As a result of its inherent complexity, a thorough treatment of this topic
should reflect the diversity of the approaches used. Thus, successively (1) theoret-
ical studies, (2) methodological progress, and (3) models of adsorption based on
experimental studies on different systems will be presented.

A. Theoretical Aspects

The adsorption of proteins at constant temperature and pressure results from vari-
ous interactions with surfaces and always leads to a decrease of the Gibbs energy
of the system, according to the second law of thermodynamics [1,4,5,40-42].
The Gibbs energy, G, depends on two properties of state, enthalpy, H, which is
a measure of the potential energy (i.e., the energy that has to be supplied to
separate the molecular constituents from one another), and entropy, S, which is
related to the disorder of the system. Thus, during a spontaneous adsorption:

AadsG = AadsH - TAadsS <0

with T being the absolute temperature and A, being the change in the thermody-
namic functions resulting from adsorption.
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The difficulty in the analysis of these processes arises from the fact that
the enthalpic effects, related to intermolecular forces, and entropic effects, related
to the spatial arrangements of molecules, are not totally independent. Intermolec-
ular forces influence the distribution of molecules, and the potential energy is
also dependent on the molecular structure of the system. Nevertheless, for ease
of presentation, the enthalpic and entropic contributions to the adsorption of pro-
teins on surfaces will be presented separately.

Enthalpic Effects
Coulombic Interactions

Proteins as well as most mineral surfaces carry electrical charges. Their net
charge depends on the pH and the concentration of electrolytes in the surrounding
solution due to ionization of chemical groups or specific adsorption of ions. Cou-
lombic forces are very strong intermolecular forces, and may even be as strong
as covalent bonds [43]. They are also long range, as these forces are inversely
correlated with the square of distance, r, whereas the energy of interaction is
inversely correlated with r, at least theoretically when only the electrical charges
are considered. However, as the thermodynamic cost of an uncompensated elec-
trical charge in even a small unit of volume is high, all electrical charges of a
given sign are compensated by an equal number of electrical charges of the oppo-
site sign, giving rise to a diffuse double layer model of repartition of counterions
and co-ions in the surrounding solution. Thus, a screening of the interaction oc-
curs, and the electric field in solution decreases rapidly, and in an exponential
manner. The electrostatic interactions between proteins and surfaces can be ana-
lyzed as an overlap of their electrical double layers [1,5]. The electrostatic part
of the Gibbs energy is given by the isothermal and isobaric work of charging
the electrical double layer:

Gy = r¢(o)dc
0

where ¢ is the variable electrostatic potential and © is the variable surface density
during the charging process.

Lenhoff and collaborators [44,45] have used an approach to adsorption
where the probability of finding a protein in a particular orientation at a given
distance from the surface follows a Boltzmann distribution with respect to the
interaction energy. Because solvation and conformational effects are difficult to
model, only electrostatic and Lifshitz—van der Waals interactions are considered.
Thus, the calculations have been made with model proteins that are less suscepti-
ble to modifications of their conformation on adsorption, such as ‘‘hard’’ proteins
with a low adiabatic compressibility (e.g., ribonuclease A, lysozyme, chymotryp-
sinogen A). In a further step to simplify the computer simulation, protein-protein
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interactions have not been considered, and thus only the dilute region of the
adsorption isotherm was studied to take into account only protein-surface interac-
tions. From the atomic coordinates of the proteins, a triangulated boundary was
calculated with point charges placed in locations where amino acids with ioniz-
able lateral chains were found, or, alternatively, to reduce computational time,
the equivalent sphere was considered. The electrostatic potential, ¢;, inside the
protein is given by the Poisson equation:

Vi, = —pife;

with V2 being the Laplace operator, p; the charge distribution, and €; the dielectric
permittivity of the protein interior whose value is taken as 2. The electrostatic
potential outside the protein, ¢, in a z:z electrolyte, is given by the linearized
Poisson-Boltzmann equation:

Vi, = 2 €* 22 p.0/ec kT

where e is the electronic charge, z the valency of the ion, p.. the bulk concentration
of the electrolyte solution, & the Boltzmann constant, and T the absolute tempera-
ture. The dielectric permittivity, €., of the electrolyte solution is taken as 80. A
constant charge density, o, is assumed at the boundary between the protein and
the solution; thus, the normal potential gradient at the boundary is given by Gauss
law:

d0./dx = —ale,

This set of equations allows the numerical calculation of the electrostatic potential
at any location. In turn, knowledge of the values of the potential allows computa-
tion of the free-energy change associated with bringing the protein to a given
position and orientation near the electrically charged surface. Either the Gibbs
free energy, G, or the Helmholtz free energy, F, can be used, as they are the
same in an uncompressible system.

Another aspect, emphasized by Norde and collaborators [1,5,46,47], con-
cerns the transfer of ions from the solution to the adsorbed layer of protein. This
coadsorption has the effect of reducing the magnitude of the repulsion between
like-charged parts of the protein and the surface in an interfacial region of low
dielectric permittivity. Any cation in the solution can be transferred in principle,
but Baron and Quiquampoix [48,49,49a] have shown, by a Fourier-transform
infrared spectroscopy study of the pK, of amino acids with a carboxyl side group
(Glu and Asp), that mostly protons were transferred. This phenomenon is the
origin of the pH change that occurs when a solution of protein and a suspension
of clay at the same original pH and not buffered are mixed.
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Lifshitz—van der Waals Interactions

In addition to electrostatic interactions, van der Waals forces act on all molecules,
even if they are electrically neutral. These forces are composed of three different
components whose energy of interaction decreases with distance, r, as r~°. For
this reason, they are considered short-range interactions. The main component is
the dispersion (or London) forces, which originate from the instantaneous dipolar
moment resulting from the fluctuation of the electrons around the nuclear protons
in nonpolar molecules. The electric field that is created induces, by polarization,
a dipole moment in nearby molecules, which, in turn, creates an instantaneous
attractive interaction. The two other components of the van der Waals forces are
the induction (or Debye) forces related to the interaction between a polar mole-
cule and a nonpolar molecule and the orientation (or Keesom) forces related to
the interaction between two polar molecules. With the exception of small, highly
polar molecules, such as water, induction and orientation forces are less important
than the dispersion forces [43].

The dispersion forces should be treated according to quantum mechanics,
and the Lifshitz theory gives an accurate description. Usually, however, the sim-
pler Hamaker approach, obtained by pairwise summation of dispersion energies
between all interacting atoms, is used. The Gibbs energy of the London-van der
Waals interaction between a spherical protein and a planar surface is:

AuGuaw = — (A/6) [R/2) + RIQR + 2)) + 1n (/2R + 2)]

with R being the radius of the spherical protein, z the nearest distance between
the protein and the planar surface, and A;3, the Hamaker constant between the
protein;, and the surface,; in the solvent . For z << R, the following approxima-
tion can be used:

AusGaw = —An RI6Z

When the Hamaker constant A3, is not known, its approximate value can be
obtained from the following combining rules:

Am = (A Ap)'?
and
Am = (Ay'"? — A" (Ap'? — Ap'?)

where A, is the Hamaker constant for two bodies of material x interacting at short
distance in the vacuum. For example, published values of Hamaker constants for
materials of interest 10 enzyme activity in soil are the A3, value for bovine serum
albumin in water [50], which is equal to 6.6 107! J, and the A3, value for mica
in water [43], which is equal t0 2.2 1072 J. The calculated value of the Hamaker
constant Aj;, of the interaction of bovine serum albumin with mica in water is,
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thus, equal to 1.2 107? J from the previous combining rules. Hamaker constants
are principally related to the number of atoms per unit volume. Therefore, as a
first approximation, the value for bovine serum albumin will be very close to
that of proteins that are densely packed and statistically composed of the same
proportion of different atoms, and the value for mica very close to that of clays
that have similar crystalline structures, such as montmorillonite and illite.

Computer Simulation of Enthalpic Effects

The modeling work of Roth and Lenhoff [45] is based solely on interactions of
an enthalpic nature, as no effects of solvation or modification of the protein struc-
ture are taken into account. It is, thus, an interesting approach for comparisons
between the results of experimental studies and theoretical investigations that
consider proteins essentially as undeformable and neglecting the contribution of
the solvent. In addition, these parameters are not taken into account in the inter-
pretation of early studies on the adsorption of enzymes on clay minerals. The
main results of this simulation approach can be divided into four classes.

The first class groups together conclusions that seem logical from what is
expected from the enthalpic effects considered. These include the following: an
important dependence of the electrostatic energy of interaction on the orientation
of the protein; a large effect of the ionic strength of the solution, except when
interacting proteins and surfaces bear a low electrical charge; the fact that van
der Waals forces only act at short distances of separation; the effect of increasing
size of the protein, which, for a constant net electrical charge, leads to decreasing
electrostatic interaction and increasing van der Waals interaction.

The second class contains conclusions that seem reasonable but that would
have been difficult to reach without this computer simulation approach. Among
them, there is the effect of the dipole moment on the adsorption of proteins. For
example, the incorporation of the dipole moment of 72.2 D (1 Debye unit =
3.336 107 C m) on the computation of the interaction energy of lysozyme with
the surface has only a negligeable effect, whereas the 516 D dipole moment of
chymotrypsinogen A has a very significant effect on the interaction energy.

The conclusions in the third class are surprising from an intuitive point of
view, but they are sustained, in some cases, by experimental results. For example,
oppositely charged bodies can experience electrostatic repulsion if their surface
charge repartitions are mismatched and differ greatly in magnitude. Some results
obtained in the chromatographic separation of proteins can be explained by this
effect.

The fourth class contains conclusions that totally contradict all experimen-
tal studies, despite being logical if only enthalpic effects are considered. The
principal conclusion in this class is that with a net zero charge on the protein,
very low adsorption is expected on negatively charged surfaces. In contrast, most
experimental studies show that maximum adsorption occurs at the isoelectric
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point (pl) of proteins. As will be discussed later, this observation can be explained
by experimentally demonstrated pH-dependent modifications of proteins inter-
acting with surfaces. Thus, the contrast between results of computer simulations
and experimental data emphasizes the limits of the purely enthalpic approach to
explaining the adsorption of protein. Obviously, entropic effects, such as hy-
drophobic and solvation effects and, above all, molecular conformation effects,
must be considered.

Entropic Effects
Hydrophobic Interactions and Solvation Effects

One of the most important factors responsible for the stability of proteins in
solution is the shielding of amino acids with a hydrophobic side chain in the
core of the protein from contact with water. This phenomenon contributes to the
decrease of the Gibbs energy of the polypeptidic chain that accompanies its fold-
ing. The shielding originates from the ‘‘hydrophobic effect,”” which causes water
molecules to establish more hydrogen bonds among themselves in the presence
of a nonpolar group than in the presence of a polar group. Water molecules cannot
form hydrogen bonds with nonpolar groups and, thus, rearrange themselves
around nonpolar groups so as to maximize their mutual association by hydrogen
bonds. This mechanism is so efficient that almost all the four hydrogen bonds
of the tetrahedrally coordinated water molecule are satisfied when only 3-3.5
bonds, on average, are established in the bulk liquid water [43]. Because exposure
of nonpolar groups to the polar solvent means an increased order of the sur-
rounding water, i.e., a decrease in entropy, most nonpolar groups are actually
shielded from contact with water in the core of the protein during the folding
process.

It can be inferred from this mechanism that the presence of a surface with
hydrophobic properties should perturb this spatial arrangement of nonpolar amino
acids. Consequently, the adsorption of proteins on surfaces cannot be analyzed
without taking into account the interaction of the water molecules of the suspen-
sion with both constituents [5,51]. Two hydrophilic entities interacting will tend
to retain a hydrated layer between them, whereas two hydrophobic entities will
expel water from their surface of interaction. This phenomenon leads to an in-
crease in the entropy of the released water molecules, which decreases the Gibbs
energy of the system and promotes adsorption. Thus, the contribution to the en-
ergy of interaction of both the proteins and the surfaces of adsorption is dependent
on their relative hydrophobicity [5,52].

Proteins with low molecular mass have a higher proportion of their water-
accessible external surface composed of nonpolar amino acids [5], which could
be related to the higher surface-to-volume ratio of small proteins that makes the
burial of nonpolar amino acids in the core of the proteins entropically more diffi-
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cult. However, the relation between the size of a protein and its hydrophobicity
is not straightforward. For example, Lu et al. [53] have calculated the repartition
of hydrophobic amino acids on four proteins: lysozyme, trypsin, immunoglobulin
F., and hemoglobulin, with a total number of amino acids of 130, 223, 435, and
574, respectively; the percentage of hydrophobic amino acids was 36.2, 34.5,
36.8, and 48.1%, the percentage of all amino acids on the surface was 35.4, 26.0,
16.8, and 16.2%, and the percentage of hydrophobic amino acids on the surface
was 13.0, 15.5, 9.6, and 28.0%. Thus, the effect of the size of the protein on the
surface-to-volume ratio can be counterbalanced by the proportion of hydrophobic
amino acids in the primary structure, as shown by the high surface hydrophobicity
of hemoglobin. In addition, as pointed out by Norde [1,4,5], the surface hydro-
phobicity of proteins is not the only factor involved in hydrophobic interactions
of proteins with surfaces, as internal nonpolar amino acids can be exposed to
solid surfaces as the result of rearrangement of the protein structure after adsorp-
tion. Thus, even large proteins with relatively few hydrophobic patches on their
surface can be susceptible to hydrophobic interactions with surfaces.

As with proteins, the effect of the balance between the hydrophobicity and
hydrophilicity of surfaces is also complex. One difficulty is linked to the fact
that the variation in hydrophobicity between two surfaces is often associated with
a modification of their surface chemistry, which resuits in changes in such proper-
ties as the electric charge density or steric interactions if they are made of grafted
organic polymers. Because of this, clays provide more interesting models of ad-
sorption surfaces than the organic polymeric surfaces used in most studies. Clays
are composed of a structural framework composed of primarily silica and alumina
sheets. The electric charge of their basal surfaces originates from isomorphic
substitutions inside their crystalline structures, which do not affect the composi-
tion of the external atomic layer. In the same type of phyllosilicate structure,
surface properties, which depend on the extent of isomorphic substitutions, can
range from hydrophobic properties for pyrophyllite to hydrophilic properties for
montmorillonite. The origin and the consequences of this phenomenon for protein
adsorption will be discussed later.

A second problem is associated with the fact that hydrophobicity/hydro-
philicity is originally and basically linked to the affinity of water for surfaces,
but this parameter is used for more complex situations [54,55]. Often, a simple
macroscopic measurement, such as contact angles of water or other liquids on
the surface, is used to deduce hydrophobicity. When complex polymers and sur-
faces (i.e., amphiphilic, amphoteric, with sorbed ions, or with polymeric tails
extending in the solution) are present, their interaction can result in phenomena
that are not expected from logical deductions from classical macroscopic mea-
surements of hydrophobicity/hydrophilicity. For example, Staunton and Qui-
quampoix [56] showed that the adsorption of more hydrophobic proteins relative
to more hydrophilic ones could be enhanced on the hydrophilic surfaces of swell-
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ing clays. They compared the adsorption on montmorillonite of bovine serum
albumin (BSA) with a methylated derivative of this protein. The reductive meth-
ylation treatment of the lysine groups did not change their pK,, and thus, at a
given pH, the methylated BSA and the native BSA should have the same electro-
static interactions with the clay surface. However, the hydrophobic derivative of
BSA had a higher affinity for the hydrophilic clay surface than the native BSA,
with the phenomenon being more pronounced above the pl of the protein. The
explanation offered is that the adsorption of proteins is accompanied by the ex-
change of charge-compensating cations on the clay, which are the true hydro-
philic centers, leaving a hydrophobic siloxane layer [57]. Thus, the montmorilion-
ite surface exhibits ‘‘hydrophilic properties’” for molecules whose adsorption
does not result in the removal of charge-compensating cations but in ‘‘hydropho-
bic properties’® for molecules that replace the charge-compensating cations.

A computer calculation of the effect of the energies involved in solvation
interactions on adsorption of proteins on several polymeric surfaces with different
hydrophobicities has been performed by Lu et al. [53]. From the X-ray crystallo-
graphic structures of the proteins, they simulated all different possible rotations
and brought the proteins in contact with the surface. The solvation interaction
energies were calculated, assuming that they were the same as the free energy
of transfer of both amino acids and polymer surfaces from water to a nonpolar
solvent. The results showed that if the total adsorption energies, i.e., the sum
of van der Waals and solvation components, is always negative, the solvation
component showed greater variations regarding the nature of the polymeric sur-
face. For the three hydrophobic surfaces (polystyrene, polypropylene, polyethyl-
ene) studied, the solvation interaction energies were negative for all proteins stud-
ied, indicating a positive contribution to adsorption. However, for the two
hydrophilic surfaces (polyHEMA, polyvinyl alcohol) the solvation interaction
energies were positive, thus opposing the adsorption of the proteins, even though
the stronger van der Waals contribution was in favor of adsorption.

Modifications in Molecular Structure

The interaction of proteins with surfaces is a more complex phenomenon than
the interaction of ions or small rigid molecules with surfaces. This increase in
complexity cannot be fully described by the basic aspect of adsorption, i.e., the
geometric presence of the macromolecule in the vicinity of a plane, because it can
lead to modifications of conformation of the interacting proteins. As previously
discussed, several types of forces can develop at interfaces, of either enthalpic
(electrostatic, van der Waals) or entropic (hydrophobic) nature, and the energy
of interaction can be sufficiently intense, with respect to the marginal stability
of the three-dimensional structure of proteins in solution, to lead to structural
modifications [1,2,5,58]. However, an added difficulty derives from the fact that
a modification in the conformation of a protein on a surface is not only a conse-
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quence of driving forces promoting adsorption, but it is itself a driving force of
adsorption of an entropic nature.

The entropic contribution to adsorption that results from a modification of
the conformation of a protein is essentially related to an increase of the rotational
freedom of the peptide bonds engaged in secondary structures, such a-helices
and fB-sheets. These ordered secondary structures represent an important part of
the densely packed hydrophobic core of proteins. When a protein is adsorbed on
a surface, internal hydrophobic amino acids can reach more external positions
in contact with the surface, as the amino acids remain shielded from contact with
the water molecules of the surrounding solvent phase. The breaking of hydrogen
bonds that maintain the peptide chain in a given conformation, which is associ-
ated with a decrease of ordered secondary structures, results in an increase of
conformational entropy.

According to Norde and co-workers [4,5], the gain of conformational en-
tropy, Seou» that accompanies this process can be calculated from the assumption
that four different conformations are possible for peptide units in random struc-
tures as compared with only one in a-helices and B-sheets. Thus:

Aads Sconf =RlIn4"

where R is the molar gas constant and » is the number of peptide units involved in
the transfer from an ordered secondary structure to a random secondary structure.

B. Experimental Studies with Model Systems

Experimental Evidence for Changes in the Structure of
Adsorbed Proteins

As indicated above, modifications in conformation are an important parameter
to consider in the adsorption of proteins. These modifications need to be evaluated
to explain the variation in the adsorption of proteins on different surfaces and
with differences in the physicochemical properties of the solvent phase, such as
pH or ionic strength, as the entropic effect linked to these structural changes is
itself a factor of adsorption. These three-dimensional changes will, obviously,
affect the biological activity of the proteins. Some of the observed consequences
of this phenomenon include decreased antigen binding of antibodies in solid-
phase immunoassays or decreased enzyme activity, either in reactors or naturally
in soils after adsorption on mineral surfaces.

A major difficulty in studying the conformation of adsorbed proteins is
related to the fact that the only two efficient techniques for the determination of
the tertiary structure are not adapted to adsorption studies. X-ray diffraction re-
quires the preparation of protein crystals, a condition that is not possible with
adsorbed proteins. Nuclear magnetic resonance (NMR) spectroscopy, owing to
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line-broadening effects, is restricted to proteins with a molecular mass below
20,000 daltons in solution. As the line broadening is related to the rate of molecu-
lar tumbling, which averages the anisotropies to zero, adsorption on the surface
of large particles will drastically slow the rotational movement, thereby making
the determination of the molecular structure of even small adsorbed proteins im-
possible.

Even if future progress in solid-state NMR spectroscopy makes possible
the determination of the structure of an adsorbed protein, it will probably be of
no help. As Horbett and Brash [59] have pointed out in a thorough literature
survey, proteins are probably adsorbed in multiple states. If this concept is cor-
rect, the spectroscopic signals available for structural information will originate
from a range of molecules with different conformations.

The practical consequence of these considerations is the inability to deter-
mine the tertiary structure of an adsorbed protein by the physical methods pres-
ently available, with little hope of improvement in the forseeable future. Thus,
only lower levels of structural information on the adsorbed proteins can be ob-
tained. Several techniques exist with which information on the following parame-
ters can be obtained: (1) the secondary structure, (2) the specific interfacial area
occupied by adsorbed proteins, and (3) the thickness of the adsorbed layer.

Modification in Secondary Structures

Knowledge of the changes in the repartition of the different secondary structures
on adsorption enables not only the possibility to deduce the occurrence of a modi-
fication of conformation, but also the direct calculation of the component of the
Gibbs energy of adsorption that is linked to this parameter. Circular dichroism
[60-63] and infrared spectroscopy [26,48,49,49a] are among the best-suited tech-
niques to investigate secondary structure of proteins.

Circular dichroism has, nevertheless, limitations in turbid suspensions be-
cause of light-scattering effects and, thus, has been restricted to studies of ad-
sorption on ultrafine particles with a diameter below 30 nm [61,64—66]. Such
particles are only slightly larger than the proteins themselves and are not, for this
reason, an ideal model of adsorption surfaces, if only for reasons of the radius
of curvature.

Fourier-transform infrared spectroscopy (FTIR) does not have this disad-
vantage and can be applied to more turbid samples. Baron and Quiquampoix
[26,48,49a) have studied the changes in the secondary structure of bovine serum
albumin after adsorption on montmorillonite by FTIR spectroscopy. The decom-
position of the amide I signal was obtained by acquisition of the frequencies of
the different components from second derivative, deconvolution, and computed
curvature of the transmission spectra, followed by a least squares iterative fitting
with fixed bandwidth and Lorentzian/Gaussian profile for the calculation of the
different intensities. The following attributions were made: 1681 cm™! to non-
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hydrogen-bonded peptide units in nonpolar domains; 1672 cm™' to non-hydro-
gen-bonded peptide units in polar domains; 1662 cm™ to peptide units present
in slightly disordered o-helices arranged in bundles at the clay surface; 1655
cm™! to classical o-helices; 1639 cm ™ to nonordered peptide units associated
with water; 1633 cm™! to extended strands forming intramolecular B-domains;
and 1619 cm™! to extended B-strands associated by intermolecular hydrogen
bonds between adjacent molecules on the clay surface. An important loss, about
25%, of ordered secondary structures of the BSA was observed after adsorption
on montmorillonite, which showed the extent of the modification of conformation
and the importance of the entropic contribution to adsorption, which was esti-
mated to be —500 kJ mol ..

Interfacial Area of Protein-Surface Contact

The area of the solid that is covered by the protein is an important parameter in
the calculation of the energy of interaction for both direct reasons, such as the
work of dehydration of the interface during the process of adsorption, and indirect
reasons, such as the lateral electrostatic repulsions between adsorbed proteins,
which can increase when the degree of coverage of the solid increases. It can
also provide information on the unfolding processes of proteins on the surfaces.
The simultaneous knowledge of the quantity of adsorbed protein, the coverage
of the surface of the solid, and the total number of adsorbed layers allow the
calculation of the specific area of solid occupied by a single protein molecule.
These parameters have been obtained by Quiquampoix and Ratcliffe {67] for the
adsorption of BSA on montmorillonite using P NMR spectroscopy. The method
is based on the fact that proteins displace the charge-compensating cations from
the clay surfaces. If a small quantity of the paramagnetic cation, Mn?*, is added
to a clay suspension containing orthophosphate in solution, an equilibrium of
adsorption of the cation is established. The Mn?* paramagnetic cations in solution
interact with the orthophosphate molecules, decreasing their spin-spin relaxation
time, which results in a linear increase of the line width of the orthophosphate
peak in the NMR spectrum. The interesting aspect of this system is that the Mn**
cations adsorbed on the clay surface do not contribute at all to this broadening
effect. Thus, when the protein is introduced to the clay suspension, its adsorption
will perturb the Mn?* adsorption equilibrium, and the quantity of released Mn**
can be detected by its line-broadening effect on orthophosphate. From the propor-
tion of released Mn?*, the surface coverage of the clay surface by the protein
can be deduced, and the interfacial area of contact between a single protein mole-
cule and the clay surface can be calculated. This method allows measurement of
the specific interfacial area at different surface coverages and different pH values.
1t can also be used to distinguish between monolayer and multilayer adsorption,
as only the first adsorbed layer of protein is involved in the cation-exchange
mechanism.
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Thickness of the Protein Layer

This parameter is less useful than the two former parameters, because it is not
directly related to the energy of the interacting components, unless it is coupled
with force-distance measurements. Nevertheless, it enables information to be
gained on possible unfolding of the proteins on the surfaces when the layer thick-
ness is less than the smallest of the X-ray diffraction crystallographic dimensions
and on multilayer structures when the thickness is more than the largest crystallo-
graphic dimension of the protein. However, results obtained often fall between
these two limits, and conclusions cannot be reached unambiguously without addi-
tional experimental approaches.

A large range of experimental techniques enable the measurement of the
thickness of an adsorbed protein layer. The best known by soil scientists is the
measurement of the X-ray basal spacing of clay-protein complexes {11,27,68,69].
Denaturation of the proteins, as well as complex layer structures of proteins with
a native structure, has been inferred from these X-ray diffraction data. Neverthe-
less, great care should be taken in the interpretation of these data. Larsson and
Siffert [70] have shown, by comparing X-ray diffraction data with elasticity and
X-ray photoelectron spectroscopy data, that the intercalation of montmorillonite
by lysozyme results from an association of dispersed, protein-coated clay plate-
lets, rather than by a lateral diffusion of the protein between two layers of mont-
morillonite. Thus, how these complexes are prepared can influence the layer
thickness measured.

Other techniques include ellipsometry [63,71] and reflectometry [72,73],
which are based on changes in the state of polarization of reflected light at an
interface, and neutron scattering [74], which provides information on the structure
of the adsorbed layer from the reflectivity of neutrons when the scattering length
density of the solvent matches that of the sorbent surface. The surface force
apparatus [75-81] enables the measurement of the forces versus distance between
layers of proteins adsorbed on mica surfaces with a resolution of 0.1 nm and a
force sensitivity of 107® N. Thus, it can be used to infer the thickness of an
adsorbed layer [82-86]. Atomic force microscopy can also be used to obtain the
thickness of adsorbed proteins and the degree of surface coverage.

Principal Models of the Effect of pH on Interaction of Proteins
with Solid Surfaces

For soil biochemical reactions, the pH of the soil solution is an important parame-
ter, and the effect of this parameter on the interactions of proteins with surfaces
will be discussed. To simplify the vast amount of information published on this
subject, the results obtained will be classified according to the interpretations
given by the authors of the most general observation, i.e., the fact that the maxi-
mum adsorption of a protein on an electrically charged surface occurs often
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around the pI of the protein {1,5,39]. This approach is directly related to the
interpretation of another general observation, i.e., the pH shift of the optimum
catalytic activity of enzymes adsorbed on electrically charged surfaces, as will
be discussed later. Three models of the effect of pH on protein adsorption have
been proposed.

Symmetric Model with Lateral Repulsions

The term *‘symmetric’’ is used for this model and the next, as the same type of
mechanism is assumed to cause the decreased adsorption of the protein above,
as well as below, its pl. In the first model, it is assumed that the decreasing
amount of proteins adsorbed is caused by lateral electrostatic repulsions between
the proteins. At the pl, the electrostatic interactions between the adsorbed proteins
are minimal. Thus, a compact layer of protein on the surface can be formed.
Below the pl, proteins bear a net positive charge, and above the pl, they bear a
net negative charge. The electrostatic lateral repuision between the like-charged
molecules decreases their density on the surface [87,88]. This model considers
that protein-protein interactions have a more important role than protein-surface
interactions and that the modifications of conformation on the surface are very
limited. Su et al. [74] studied the adsorption of lysozyme on silica by neutron
reflection, and they deduced the structure of the adsorbed layer of protein at
different pH values. They interpreted their results according to this model.

Symmetric Model with Modifications of Conformation

The difference between this and the former model is that the decreasing quantity
of adsorbed proteins is assumed to be caused by a decreasing structural stability
of the adsorbed protein. The origin is again the electric charge of the protein,
but the mechanism is less direct. When a protein is at a pH distant from that of
its pl, its net electric charge, positive or negative, decreases its structural stability.
When exposed under these conditions to surface forces, the proteins undergo an
unfolding more easily than at the pl. These structural changes result in a higher
area of surface occupied by a single protein and, thus, a lesser quantity can be
adsorbed. This model has been developed by Norde and collaborators on various
systems [89-104]. The main observation in favor of this model is the indirect
evidence of a more unfolded state at a pH other than at the pl, as shown by the
dependence on temperature of the initial slope of the adsorption isotherms and
by differential scanning calorimetry.

Asymmetric Model with Both Modifications of Conformation and
Surface Repulsion

The third model does not assume similar reasons for the lower adsorption at pH
values above and below the pl. In this model, the protein-surface interactions
have the most important role. For an electronegative surface, a positively charged
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protein below its pI unfolds under the strong electrostatic attraction with the sur-
face, and above its pl, the electrostatic repulsion between a negatively charged
protein and a negatively charged surface prevents adsorption. Quiquampoix and
Ratcliffe [67] used the previously mentioned 3'P NMR spectroscopical method
of the exchange of paramagnetic Mn2* ions on a montmorillonite surface by BSA
to show an example of this model. At a pH above the pl, the maximum amount
of protein adsorbed and the amount of Mn?* exchanged decreased in exactly the
same proportions, indicating repulsive interactions as the pH increased. At a pH
below the pl, the maximum amount of protein adsorbed also decreased, but in this
case, there was no variation in the quantity of Mn2* exchanged, which remained
constant. This can be explained by a progressive unfolding of the protein on the
surface as the pH decreased, and thus, a lower quantity of protein covered the
same surface area. As will be shown later, this model is also the best to explain
the pH shift of the maximum catalytic activity of adsorbed enzymes.

. CONSEQUENCES OF INTERFACIAL INTERACTIONS
ON ENZYME ACTIVITY IN SOIL

A. Parameters of Enzyme Activity Affected by Adsorption

The interaction of enzymes with surfaces of clay minerals can affect several pa-
rameters of enzyme kinetics, decreasing the velocity of the reaction [105-116].
The maximum velocity, Vy., and the Michaelis constant, K,,, can change; usually
Vmax decreases and K, increases. The stability of the adsorbed enzymes against
different factors, such as temperature and biodegradation [116-118], has also
been studied. Another important effect is the shift of the optimal catalytic activity
to higher pH values when enzymes are adsorbed on negatively charged surfaces
[119-122]. Because this phenomenon is intimately related to the mechanism of
interaction of proteins with surfaces, the latter effect will be primarily discussed.

B. Proposed Models of Interaction

Four different mechanisms can be invoked to explain differences between the
catalytic activity of enzymes adsorbed on surfaces and of free enzymes in solu-
tion. Two mechanisms are based on properties of the microenvironment of the
enzymes, either a static modification of local concentrations of ions, which can
cause an interfacial pH effect, or a dynamic effect resulting from a limitation of
the diffusion of the substrate toward the surface in the Nernst diffusion layer.
Two other mechanisms are not based on the microenvironment but on the enzyme
itself, either an orientation effect of the enzyme relative to the surface, which
could mask the active site of the enzyme, or an alteration of the structure of the
enzyme as the result of surface forces [123,124].
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Interfacial pH Effects

The hypothesis most frequently invoked to explain the pH shift in the optimal
catalytic activity when an enzyme is adsorbed on an electrically charged surface
is the difference in pH between the bulk of the solution (pH,) and the liquid layer
near the solid surface (pH,) [38,125-127]. The difference is the result of the
repartition of the counterions in the vicinity of a charged surface as described in
the double diffuse layer theory. As the electric charge of a particle has to be
exactly compensated by counterions, some of the counterions are adsorbed on
the surface (the Stern layer) and the remaining extend further in a diffuse atmo-
sphere as the result of thermal agitation (the Gouy-Chapman layer). The conse-
quence of the double diffuse layer is an increased concentration of cations, includ-
ing protons, on an electronegative surface, such as that on clay. Thus, the active
site of an adsorbed enzyme on a clay surface could be at a pH lower than that
measured in the bulk of the solution (e.g., with a glass pH electrode). Conse-
quently, the apparent pH, for maximal activity of a bound enzyme appears to be
higher than that of a free enzyme, which has lower catalytic activity in the pres-
ence of a lower pH,. Although this difference between pH, and pH; explains the
pH shift of the catalytic activity of adsorbed enzymes [119,120,122,128], this
hypothesis of an interfacial pH effect is being increasingly contested. Some im-
portant consequences of this model have not been experimentally verified, and
a more thorough examination of its thermodynamic basis is required.

Effect of Ionic Strength on pH Shifts

Despite the fact that a pH surface effect based on the double diffuse layer theory
should be sensitive to the ionic strength of the suspension, there have been few
studies on the effect of this parameter on the catalytic activity of enzymes ad-
sorbed on clays. Theng [14] attributed this lack of studies to the difficulty associ-
ated with the modification of the amount of enzyme bound on surfaces when the
ionic strength is varied.

The work of Katchalski and co-workers [128,129] on a covalent polyan-
ionic derivative of trypsin, although not strictly related to adsorption on surfaces,
is often invoked to confirm the double diffuse layer theory on the pH shift. In
this study, at an ionic strength of 5 1073 M, the polyanionic derivative had its
optimal activity shifted by 2.5 pH units to the alkaline side relative to the free
native trypsin. When the ionic strength was increased from 5 10 M to 1 M,
the pH shift was reduced to 0.5 pH unit. A decrease of the pH shift with an
increase in the ionic strength is qualitatively expected from double layer theory.
However, the results were normalized to the maximal values obtained at each
ionic strength, and the absolute values were not given. As will be emphasized
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later, normalized values imply a loss of information, which can mask elements
in favor of an alternative explanation.

Leprince and Quiquampoix [130] provided values of the catalytic activity
measurements of an extracellular acid phosphatase from an ectomycorrhizal fun-
gus in solution or adsorbed on montmorillonite. Care was taken to correct for
the effect of the ionic strength on the adsorption of the enzyme. The optimal pH
for the activity of the enzyme in solution remained constant at pH 5.5 when the
ionic strength was varied from 20 to 500 mM. In the adsorbed state, the phospha-
tase had no measurable catalytic activity at an ionic strength of 20 mM, an optimal
activity at pH 6.5 at an ionic strength of 40 mM, and the optimal activity remained
constant at pH 6 and ionic strength 90—-500 mM. This persistenee of a pH shift
at such a high ionic strength I was not expected, as the thickness of the-electric
diffuse layer, as calculated by the Debye length, was (in nm) k™! = 0.3Q4/12
for the 1:1 electrolyte used in this study. Thus, at an ionic strength of 500 mM,
the Debye length should be 0.43 nm, i.e., roughly one-tenth of the size expected
for this enzyme with a molecular mass of 51,000 Da. The active site of the phos-
phatase must be either outside or within the electric diffuse layer at low ionic
strength. In the first case, there is no reason for the interfacial pH effect to cause
a persistence of a pH shift when the ionic strength is increased to 500 mM. In
the latter case, with the active site oriented toward the mineral surface, no cata-
lytic activity should be expected for steric reasons, whatever the ionic strength,
which is not what was observed.

Values of the Activity of Enzymes Adsorbed Versus in Solution

An interfacial pH effect resulting from the diffuse double layer of electronegative
surfaces should imply a translation of the catalytic activity curve of the adsorbed
enzyme on the alkaline side of the pH axis relative to the curve of the enzyme
in solution [127]. Thus, at alkaline values, the catalytic activity should be higher
in the adsorbed state than in solution. When the measurements are normalized
to their maximum values, this is what is apparently often observed. However,
when absolute values are given, this theoretical prediction is never observed, as
the catalytic activity of an adsorbed enzyme is always lower than that of an
enzyme in solution, even on the alkaline side.

For example, McLaren and Estermann [38] showed that the normalized
values of the catalytic activity of o-chymotrypsin adsorbed on kaolinite were
higher than for the enzyme in solution between pH 9 and 10. Quiquampoix et
al. [26] performed a similar experiment with a-chymotrypsin adsorbed on mont-
morillonite rather than on kaolinite, and they observed the same effect with nor-
malized values between pH 9 and 10. However, they also presented the absolute
values from which the normalized values were calculated, and the absolute values
appeared to be lower in this pH range. When absolute values were given, the
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curve describing the catalytic activity of adsorbed enzymes versus pH was always
included in the envelope of the curve of the enzyme in solution, and the apparent
pH shift appeared to be the result of a pronounced decrease of catalytic activity
at lower pH.

Irreversible Aspects of Variations in pH on the Activity of
Adsorbed Enzymes

Another important aspect that mitigates against the surface pH explanation of
the pH shift is the observation of irreversible effects that affect the activity of
adsorbed enzymes when the pH at which the reaction proceeds is changed relative
to the pH at which the adsorption occured. Quiquampoix [131] showed this effect
on the activity of a p-D-glucosidase adsorbed on montmorillonite: the enzyme
was first incubated with the clay at the pH of adsorption for 2 h (pH,y), then the
pH was changed (pHy,,), and after 2 h to reach a new equilibrium, the catalytic
activity was measured at the same pH (pH,,). For a given pH,,, the catalytic
activity decreased when the pH,,, was decreased. At a pH,, of 3.6, no catalytic ac-
tivity could be detected over the entire range of pH ,., despite a complete stability
of the enzyme in solution when exposed to these changes in pH. This behavior
would not be expected if the effect of surface pH was involved, as the 2 h of
equilibration should be sufficient to reach a new repartition of the protons in the
double diffuse layer. Thus, no lasting effect of pH,4 should have been observed
if an interfacial pH effect was involved, contrary to the experimental observation.

Thermodynamic Considerations on the Electrochemical Potential

It is not clear that a diffuse double layer should, from a theoretical point of view,
affect the optimum pH of an adsorbed enzyme. It has been pointed out by several
authors [26,132-135] that although the concentration of protons is different near
an electrically charged surface and in the bulk of the solution, their electrochemi-
cal potentials must, nevertheless, be identical, as they are in thermodynamic equi-

- librium. This assumption on the equality of the electrochemical potentials of the
ions, regardless of their distance from the surface, is central to the Maxwell-
Boltzmann equation, which, along with the Poisson equation, forms the basis
of the Gouy-Chapman double diffuse layer theory. Because the electrochemical
potential is the molar Gibbs energy of the reactants, it determines the work avail-
able for a reaction at constant temperature and pressure. Thus, a higher proton
activity near a surface does not mean a higher reactivity of these protons, as their
electrochemical potential is the same as in the bulk of the suspension. A confusion
has apparently been established between reactions in solution, where the activity
of the solutes is the only variable parameter determining the chemical potential,
and the reaction near electrically charged surfaces, where an electrostatic term
has to be added to the activity parameter. In such systems, only the electrochemi-
cal potential has to be considered.
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The experimental and theoretical points raised above should convince soil
scientists that despite its continuing popularity, the interfacial pH explanation is,
at best, a minor factor in the explanation for the pH shift of the optimal catalytic
activity of adsorbed enzymes. More probably, it is a totally inadequate explana-
tion.

Diffusion-Limited Reactions

A decrease of the apparent enzyme activity could result from limitations in the
diffusion of substrates toward adsorbed enzymes [136-139]. The concentration
of substrate is probably lower near the surface of an adsorbed enzyme than in
the bulk of the solution, as the result of its consumption by the adsorbed enzyme.
A concentration gradient will thus be established. If diffusion is slow with respect
to substrate consumption, a steady state will eventually be established such that
the rate of diffusion of the substrate in the unstirred layer (Nernst diffusion layer)
equals the consumption rate of the substrate. This mechanism will not be treated
in depth for two reasons. First, a high density of an enzyme on the surface has
to be attained to enable sufficient consumption of the substrate to counterbalance
its diffusion toward the surface. This is unlikely in most soil conditions where
enzymatic activity is usually low with respect to the large surface area of adsor-
bent surfaces.

Second, as the rate of consumption of the substrate is the only factor that
depends on the enzyme in this process, the rate should not cause a shift in the
pH of the optimal catalytic activity. The enzyme activity versus pH follow a bell-
shaped curve, and thus, there are always two pH values, below and above the
optimal pH for activity, where the enzyme activity is similar, and, consequently,
the decrease in catalytic activity as a result of a limitation in diffusion of the
substrate should be the same. The expected effect should, thus, be symmetrical
with respect to the optimal pH, and with no pH shift. This applies well for the
conditions under which the enzyme activity in soils is usually measured, i.e.,
with a substrate concentration much greater than the Michaelis constant. How-
ever, under the conditions that normally exist in natural soil, the substrate concen-
tration may be lower than the Michaelis constant. If the pH dependence of the
Michaelis constant is different from the pH dependence of the maximal velocity
of the enzyme reaction, a shift in pH can be expected. Nevertheless, this pH shift
would depend only on the intrinsic properties of the enzyme, and no relation
between the pH shift and the sign of the electrical charge of the surface of adsorp-
tion is expected.

Orientation Effects

Another possible factor that could decrease the catalytic activity of an enzyme
after adsorption is an orientation of the active site toward the surface {140]. Few
studies have been devoted to the occurrence of this mechanism. Before giving
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examples of cases where this mechanism may be involved, it should be pointed
out that this mechanism cannot explain the general observation of an alkaline
pH shift in the optimal activity of enzymes adsorbed on electronegatively charged
surfaces.

A preferential orientation of a given face of the enzyme on an electronega-
tive surface is expected if a higher density of positively charged amino acids is
found on this face. Four cases can be distinguished. If the more positively charged
face of the enzyme remains the same over the entire range of pH studied, either
a complete inhibition of the enzyme could be expected, if the active site is local-
ized on this face, or no reduction of enzyme activity should be observed if the
catalytic site is on the opposite, less positive face. This could be the case if the
density of Lys and Asp, whose pK, values are above pH 10, is particularly impor-
tant. If the more positively charged face changes when the pH is increased, an
alkaline shift of the optimal enzyme activity should be observed if the active site
is on this face, and, conversely, an acidic shift should be observed if the active
site is on the opposite face. This can be the case if His, with a pX, of 6, is
involved or if there is a dissimetry in the repartition of neutral amino acids and
amino acids with a carboxylic side chain, such as Glu and Asp. Neutral amino
acids remain neutral whatever the pH, but Glu and Asp with a pK, of 4 will
change from electroneutrality to electronegativity when the pH increases. Thus,
a more positively charged face at low pH can lose this electrical charge property
at higher pH if it is enriched in Asp and Glu residues. v

In addition to these four cases, a variety of intermediate situations, where
the active site is neither completely masked by the surface of adsorption nor
completely exposed to the solvent, can be expected. Thus, orientation of the ac-
tive site on the surface cannot be the major mechanism involved in the modifica-
tion of the catalytic activity of enzymes adsorbed on clays, as it cannot explain
the generality of the alkaline pH shift. On the other hand, it would be surprising
if this mechanism does not have a role to a certain extent. In particular, it is likely
for enzymes composed of proteins defined by Norde [1,5] as ‘‘hard”’ proteins, for
* which a pH-dependent modification of conformation is less likely than for *‘soft”’
proteins, and for enzymes with a large dipolar moment that are more likely to
be adsorbed with a preferential orientation.

Such a case has been described by Lee and Belfort [140] for a ribonuclease
A during adsorption on mica. Ribonuclease A is considered by Norde as a hard
protein [1,5]. In addition, Yoon and Lenhoff [44] have calculated a relatively
large dipole moment of 461 D of its charge distribution at pH 7 with the positive
end pointing toward the region of the active site. The effect of pH has not been
studied by Lee and Belfort, but reorientation of the enzyme on the surface has
been followed over time by combining both surface force-distance measurements
and enzyme activity assays. The catalytic activity of the ribonuclease adsorbed
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on mica increased linearly with the square root of the time from 16% to 78%
relative to equal amounts of enzyme in solution over a period of 1-24 h. Correc-
tions for the amount of adsorbed enzyme were made by measurement of the mean
refractive index by multiple-beam interferometry along with the force-distance
measurements, and the adsorbed amounts varied only from 1.7 to 2.5 mg/m?
Over the same period, the force-distance measurements allowed determination
of the thickness of the protein layer, and the thickness increased linearly with
the square root of the time from a size matching the smallest axis of the ribonucle-
ase (taken from crystallographic data and assuming a hydration of one water
layer) after 1 h to a size equal to the longest axis after 24 h. These data, along
with the square root time dependence of these phenomena, strongly suggest a
translational diffusion process leading to molecular reorientation of the ribonucle-
ase from an initial side-on adsorption state with the active site in the positive
electrostatic potential region facing the mica surface, followed by a progressive
“‘standing up’’ of the enzyme, which exposes the active site to the solvent and,
hence, to the substrate.

Another example is the pH dependence of the adsorption of a-chymotryp-
sin on montmorillonite, the study of which has been performed by a comparison
of the activity of the adsorbed enzyme and its secondary structure determined
by FTIR [140a). In comparison with BSA, a soft protein, the changes in the
secondary structure of a-chymotrypsin (241 amino acids) were minor on adsorp-
tion and suggested only 10-15 peptide units in the peripheral domains of the
protein. Thus, it is unlikely that a modification of conformation could explain
the observed decrease of the catalytic activity after adsorption when the pH was
decreased from 9 to 7, with a complete absence of activity below pH 7. On the
other hand, an orientational effect could explain this effect, as the active site of
a-chymotrypsin is located in a domain where two His and one amine end chain
will lead to an increase of the positive charge below pH 7, allowing the enzyme
to adsorb with the active site facing the clay surface.

pH-Dependent Modifications of Conformation

In contrast to the three preceding models, all of which assume that the enzymes
retain the same conformation in the adsorbed state and in solution, another model
is based on a pH-dependent unfolding of the enzyme on the surface. Among the
different models of interaction of proteins with surfaces versus pH discussed in
the preceding section, the asymmetric model is better suited than the symmetric
models to explain a pH shift in the activity of the adsorbed enzyme. Indeed, the
symmetric model with lateral repulsions assumes a stable structure of the protein
on adsorption. Thus, no effect on enzyme activity should be observed, except if,
in some cases, there is an orientation effect. The symmetric model with modifica-
tions of conformation could explain the decreased activity of enzymes on surfaces



194 Quiquampoix

but not its pH shift, as the structural rearrangement of the protein occurs at pH
values below and above the pl, i.e., on both the acid and alkaline sides of the
pH activity curve of the enzyme.

Only the asymmetric model, with both modifications of conformation and
surface repulsions, can explain the pH shift in the maximal catalytic activity of
adsorbed enzymes. Different enzyme systems studied by Quiquampoix and co-
workers [26,49,130,131,141,142] can be interpreted according to this model. The
interactions between the enzymes and the mineral surfaces at different pH values
were studied using three procedures. Procedure A is a measurement of the en-
zyme activity in the absence of adsorbent surfaces. Procedure B is a measurement
of the enzyme activity in the presence of the adsorbent surface. Because in proce-
dure B, all enzyme molecules are not necessarily adsorbed, procedure C is de-
signed to determine the catalytic activity of the nonadsorbed fraction in procedure
B. It is a measurement of the enzyme activity in the supernatant after centrifuga-
tion of the enzyme-adsorbent surface suspension. If A, B, and C are the values
of the catalytic activity measured by the respective procedures, useful parameters
may be calculated. The first is F, the proportion of nonadsorbed enzyme:

F=C/A

And the second is the relative activity, R, which is defined by the ratio of the
catalytic activity resulting from the enzyme fraction adsorbed (B — C) and that
of an equal quantity of enzyme in solution (A — C):

R=B-O/A-0C)

These two parameters are well suited to a physicochemical analysis of the interac-
tion of enzymes with solid surfaces, as F is inversely related to the affinity for
the surface and R is a structure-related parameter.

The data obtained with the B-p-glucosidase of Aspergillus niger [142],
which has a pl of 4.0, and montmorillonite provide a good example. At a pH
above the pl, the nonadsorbed fraction, F, increases progressively with pH until
no enzyme is adsorbed. This shows the electrostatic repulsions between the net
negatively charged enzyme and the electronegative clay surface. In contrast,
when the pH decreases below the pl, the relative activity, R, of the enzyme de-
creases as the result of a progressive unfolding caused by the electrostatic attrac-
tions between the electronegative surface and the positively charged enzyme in
this range of pH. The pH dependence of these parameters related to the affinity
for the surface and the protein structure is similar to results obtained for the
adsorption of BSA on montmorilionite.

C. Irreversibility Aspects

Acc?rding to Norde [1,5,143], adsorption of proteins on surfaces is a quasi-irre-
versible phenomenon, and the use of the Langmuir equation to describe adsorp-
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tion isotherms should be proscribed. When after adsorption at a given concentra-
tion of protein the system is diluted, little or no desorption is usually observed,
in contrast to what would be expected in a reversible phenomenon [144]. An
example of irreversible effects of pH changes on the activity of adsorbed enzyme
has also been given in the discussion of the interfacial pH effect [131]. The reason
is probably to be found in the addition of the different thermodynamic contribu-
tions to the adsorption process, which can act in a synergistic manner, each com-
ponent amplifying the contribution of the other components. The example of the
adsorption of BSA on montmorillonite can illustrate this point [56,67]. If the
protein unfolds on adsorption on the clay surface, then the number of contact
points with the surface increases, and there is also an increase in the rotational
freedom of the polypeptide chain accompanying the decrease of the ordered sec-
ondary structure. After removal of the positively charged counterions by the posi-
tively charged amino acids of the protein, the hydrophobic amino acids in the
core of the protein can interact with the hydrophobic siloxane surface of the
tetrahedral layer of clays and remain shielded from contact with water in the sur-
rounding solvent phase. This phenomenon can explain the observed irreversibil-
ity, as the energy necessary to return to the original conformation may be higher
than the thermal energy available to the system.

D. Thermal Stability

The thermal stability of adsorbed enzymes is often described as being enhanced
relative to that of the free enzymes [117]. However, as with studies on the optimal
pH of adsorbed enzymes, results are often represented relative to the activity of
the enzyme at the beginning of the thermal treatment. At this point, the adsorption
process itself has been the cause of a modification of the conformation of the
enzyme. Thus, the relative activity observed in thermal stability experiments can
represent only a small part of the activity of the original free enzyme and can
be not representative of the entire process. According to Steadman et al. [145],
if the whole system is taken into account and not only the active enzyme fraction,
proteins have a lower thermal stability when adsorbed than in solution. The differ-
ential scanning calorimetry and front surface fluorescence studies of Steadman
et al. [145] were in good agreement with similar results obtained by Norde and
co-workers [5].

E. Protective Effect of Organic Matter

This aspect will be only briefly treated, as it has been recently reviewed by Nanni-
pieri et al. [146]. The case where the enzymes and the humic substances are
covalently bound will not be discussed, because it is outside the scope of this
review on the effect of noncovalent intermolecular forces. Nevertheless, some



196 Quiquampoix

experimental work has indicated that a purely physical phenomenon could be
involved in the protection of enzyme activity in the presence of clay-humic com-
plexes. This mechanism is based on the exchange of an adsorbed polymer by
another polymer with a greater affinity for the surface [26,141]. A comparison
between the effect on the catalytic activity of a f-p-glucosidase of a natural clay-
humic complex and artificial clay-organic polymer complexes of different ener-
gies of interaction [141] has shown that the enzyme can displace organic poly-
mers with a lower energy of interaction with the surface than the enzyme if, for
example, the electric charge of the enzyme is positive. If conditions are less
favorable for the displacement phenomenon, e.g., if the enzyme is negatively
charged, the activity of the enzyme is protected from the denaturing effect of the
mineral surface by the organic layer.

F. Selection Pressure of Adsorption Surfaces

An emerging topic in biotechnology is the industrial application of enzymes origi-
nating from extremophile microorganisms. These enzymes have stable structures
when placed in media with extreme values of temperature, pH, or salinity [147-
149]. As one of the main consequences of the interaction of proteins with surfaces
is a modification of the conformation of the protein, the question arises as to
whether the selection pressure of mineral surfaces has made the enzymes secreted
by soil microorganisms more stable after adsorption than the enzymes whose
natural environment is free of adsorbing surfaces. Few investigations have been
devoted to this aspect of biological evolution in soil. Matumoto-Pintro and Qui-
quampoix [150] have compared the effect of interaction with clays of four phy-
tases. For the two phytases (from wheat and Suillus collinitus) not naturally se-
creted in soil, the adsorption on clays led to a total inactivation of the enzyme
activity, whereas the two other phytases, which were naturally secreted in soil
(from Aspergillus ficuum and Hebeloma cylindrosporum), retained a significant
catalytic activity in presence of clays. Thus, as with extremophile microorgan-
isms, a physical constraint of the external medium could have exerted a selection
pressure during evolution of soil microorganisms toward more stable enzymes.

IV. CONCLUSIONS

The adsorption of proteins on solid surfaces is a complex phenomenon. Both
enthalpic (electrostatic and van der Waals forces) and entropic (hydrophobic in-
teractions and molecular structural rearrangements) effects are involved, and
these do not act independently. The subtle balance between the intrinsic stability
of the protein in solution, the physicochemical properties of the solid surface,
and the pH and ionic strength of the solvent phase will have important effects
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on the state of the adsorbed enzyme. Accordingly, the effect of adsorption on
mineral surfaces on the catalytic activity of extracellular enzymes in soil should
be mainly interpreted as a change in the conformation of the enzyme rather than as
a microenvironmental effect. In particular, it has been shown, from experimental
observations as well as for theoretical reasons, that a surface pH effect is not an
appropriate explanation for the shift in the pH of the optimal enzyme activity
when adsorbed on clays. In contrast, an asymmetric model for the interpretation
of the maximum adsorption of proteins at their pl offers a logical explanation
for the shift in the pH of the optimal enzyme activity. At pH values below the
pl of the enzyme, the electrostatic interactions between the positively charged
enzymes and negatively charged clay surfaces lead to an unfolding of the en-
zymes. This explains both the decrease in enzyme activity and the lower amount
of protein adsorbed at a pH below its pI, as the increase of the specific interfacial
area between a single protein molecule and the solid surface allows less protein
to be adsorbed at saturation. At a pH above the pl, the electrostatic interactions
are repulsive between the net negatively charged enzymes and net negatively
charged clays, which explains the decreasing amount of protein adsorbed when
the pH increases and, thus, the increasing ability of extracellular enzymes to
diffuse in the water-filled soil pore network. In addition, hydrophobic interactions
are also implicated in the interaction of proteins with clays, even if the latter,
such as smectites, have marked hydrophilic properties. This shows the interplay
between different driving forces in adsorption, as the hydrophobic interactions
with clays result from a primary electrostatic exchange of the hydrophilic counter-
ions on the clay surface leaving a hydrophobic siloxane surface. The re-
arrangement of the protein structure on the clay surface is facilitated when hy-
drophobic amino acids come in contact with the hydrophobic siloxane layer, and
remain shielded from the water molecules of the solvent. This rearrangement is
accompanied by a decrease of ordered secondary structures, which implies an
increase in the rotational freedom of the peptide bond. This increase in conforma-
tional entropy can be an important contribution to the decrease of the Gibbs
energy of adsorption. The combination of all these different subprocesses, which
can amplify synergistically their effects, is responsible for the quasi-irreversibility
of adsorption and the modifications of the conformation of enzymes on clay sur-
faces. An interesting question arises about the possibility of a selection pressure
of mineral surfaces in soil on the structural stability after adsorption of extracellu-
lar enzymes secreted by soil microorganisms.
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