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Immobilization of enzymes and proteins on activated supports permits the simplification of the reactor design and may be used to

improve some enzyme properties. In this sense, supports containing epoxy groups seem to be useful to generate very intense

multipoint covalent attachment with different nucleophiles placed on the surface of enzyme molecules (e.g., amino, thiol, hydroxyl

groups). However, the intermolecular reaction between epoxy groups and soluble enzymes is extremely slow. To solve this problem, we

have designed ‘‘tailor-made’’ heterofunctional epoxy supports. Using these, immobilization of enzymes is performed via a two-step

process: (i) an initial physical or chemical intermolecular interaction of the enzyme surface with the new functional groups

introduced on the support surface and (ii) a subsequent intense intramolecular multipoint covalent reaction between the

nucleophiles of the already immobilized enzyme and the epoxy groups of the supports. The first immobilization may involve different

enzyme regions, which will be further rigidified by multipoint covalent attachment. The design of some heterofunctional epoxy

supports and the performance of the immobilization protocols are described here. The whole protocol to have an immobilized and

stabilized enzyme could take from 3 days to 1 week.

INTRODUCTION
Immobilization–stabilization of enzymes
The main application of enzyme immobilization is the industrial
reuse of enzymes for many reaction cycles1–6. In addition, enzyme
immobilization should always result in an increase in enzyme
stability. The development of simple protocols for immobilization
and stabilization of industrial enzymes is therefore a very exciting goal
in enzyme biotechnology, because immobilized and highly stabilized
enzyme preparations could be very useful for a massive implementa-
tion of sustainable chemical processes catalyzed by enzymes.

Multipoint covalent attachment is one of the most interesting
approaches to link immobilization and stabilization of enzymes.
Stabilization factors ranging between 100 and 1,000,000 have been
reported1–6. Theoretically, an enzyme molecule attached to a rigid
support through many covalent linkages, and via very short spacer
arms, should be highly stabilized, that is, the enzyme residues
involved in the covalent immobilization should keep their relative
positions unaltered during any conformational changes of the
protein promoted by any distorting agent (heat, organic solvents,
etc.). In this way, the intensity of these conformational changes
should be strongly reduced. In fact, it should be similar to a multi-
intramolecular crosslinking, where the support acts as a rigid
multicrosslinking agent. In this way, even if only 20–30% of the
enzyme surface is involved in the immobilization on the support
surface, the stabilization of the whole immobilized enzyme mole-
cule may be very intense7,8.

To take full advantage of this technique, immobilization needs to
fulfill two requirements: (i) the reaction should proceed in such a
way that the activity of the enzyme is not highly reduced, and (ii) a
relatively high number of reactive groups in the enzyme should be
involved in the reaction. It has been shown that different surface
regions of the protein have different relevance for the enzyme
stability9,10. An optimal immobilization–stabilization strategy
should involve multipoint covalent immobilization through surface
regions that are rich in residues able to react with activated supports

as well as being relevant to enzyme stability. It is therefore useful to
perform multipoint covalent attachment through each of the
different regions of enzyme surfaces in order to develop the best
stabilization strategy for a particular enzyme.

Immobilization of proteins on monofunctional epoxy supports
At first glance, epoxy-activated supports are almost ideal matrices
to perform a very easy immobilization–stabilization of proteins via
multipoint covalent attachment11,12. Epoxy groups bear short
spacer arms and may react with many nucleophilic groups present
on the protein surface (e.g., Lys, Cys, His, Tyr) and, in a slower way,
with carboxylic groups. Moreover, these groups may also react with
carboxylic groups producing an ester bond, although this reaction
proceeds in a much slower fashion11. In addition, epoxy groups are
very stable, making it possible to perform long-term incubations of
immobilized enzymes under alkaline conditions in order to get an
intense multipoint covalent attachment (e.g., involving a number
of Lys residues with a relatively high pK value)13,14. Furthermore, a
very intense multipoint covalent immobilization promotes only
very mild chemical modifications of the protein surface (e.g.,
secondary amine, thioether, ether).

It has, however, been reported that soluble proteins are scarcely
reactive with epoxy-activated supports even under slightly alkaline
conditions15–18. At first glance, this extremely low intermolecular
reactivity between epoxy groups and nucleophiles on the protein
surface constitutes a serious drawback of monofunctional epoxy
supports as supports for single enzyme immobilization protocols
and for more interesting enzyme immobilization–stabilization
protocols.

Multipoint covalent immobilization of proteins on
heterofunctional epoxy supports
This very low intermolecular reactivity between epoxy supports
and proteins does however open new exciting possibilities to
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rigidify each protein through different regions of its surface. By
preparing different heterofunctional epoxy supports19–21, diverse
two-step immobilization protocols can be developed. The overall
steps of this procedure are

(i) Rapid physical or chemical fixation of protein on the support
surface (through different regions of the protein surface) and

(ii) Promotion of intramolecular multipoint attachment
between the epoxy groups of the support and the nucleo-
philes placed in the vicinity of the region of the protein
participating in the first fixation.

Heterofunctional epoxy supports contain a low concentration of
chemical moieties (easily introduced on a few epoxy groups)
(Fig. 1a) able to promote the adsorption or attachment of the
protein molecule to the support as well as a very high concentration
of epoxy groups able to promote an intense additional multipoint
covalent attachment between the protein and the support17.

As an exception, commercial hydrophobic epoxy supports do
not need any kind of extrafunctionalization. At high ionic strength,
adsorption through the external hydrophobic pockets of the
proteins occurs, allowing covalent attachment between nucleo-
philes and epoxy groups15–18. In fact, this kind of two-step
immobilization using hydrophobic supports has already been
reported for many enzymes11,12. However, protocols for covalent
immobilization of enzymes through epoxy groups at low ionic
strength or on hydrophilic supports had not yet been reported until
the proposal of heterofunctional epoxy supports19. Table 1 shows
some examples of different chemical moieties able to promote a
rapid physical or chemical binding (under very mild conditions) of
proteins to heterofunctional hydrophobic or hydrophilic epoxy
supports. Each chemical moiety promotes different interactions
involving different regions of the protein surface.

Although long-term incubation of the already immobilized
proteins under neutral pH may promote the formation of a few
covalent linkages between the protein and the epoxy groups in the
support11,12, the highest intensity of multipoint covalent attach-
ment is achieved via a long-term incubation under alkaline condi-
tions because of the increase in the reactivity of nucleophiles
(mainly Lys residues usually present on the protein surface)13,14,22

(Fig. 1b).

Likely applications
The use of several of these supports may permit the immobilization
of a particular enzyme with different orientations, resulting in each
preparation having very different activity/stability/selectivity.
Examples of this approach include: immobilization of b-galactosi-
dase (Aspergillus niger)23, epoxyde hydrolase (A. niger)24, glutaryl
acylase25, b-galactosidase (Thermus sp)26 on different heterofunc-
tional epoxy supports. In all the cases, different enzyme activity

recoveries and stabilities resulted from immobilization of the
enzymes on different heterofunctional epoxy supports.

These supports permit immobilization under a very broad range
of conditions; the only requirement is that the enzyme must
become adsorbed on supports activated with the new groups19.
Thus, immobilization may be performed at low ionic strength from
pH 4 to 10 by combining carboxy-epoxy or amino-epoxy supports.
Boronate-epoxy19 or disulfide-epoxy20 have an even broader range
of conditions under which they may be used.

Recently, it has been shown that the immobilization of enzymes
that suffer significant conformational changes during catalysis (e.g.,
lipases, penicillin G acylase (PGA)) permits that the properties of
these may be altered by involving different regions of the protein in
the immobilization27–32. In this sense, heterofunctional supports
enable the preparation of lipases having very different enantio-
specificities32.

When the protein to be immobilized (e.g., antibodies, proteases,
amylases) needs to recognize very large substrates (other proteins,
starch, etc.), the orientation of the immobilized enzyme regarding
the support is a key point: only if the active center is exposed to
the medium, the protein will be able to recognize these large
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Figure 1 | Protein interactions on heterofunctional epoxy-supports.

(a) Physical or chemical immobilization of proteins (blue). Groups in the

protein able to interact with the groups in the support. Groups in the support

able to promote a rapid physical or chemical fixation of the protein on the

support surface. (b) Multipoint reaction of nucleophiles of immobilized

proteins and epoxy groups.

TABLE 1 | Different groups that may be used in the design of heterofunctional epoxy supports.

Group Interaction

Hydrophobic supports Hydrophobic pockets on the protein surface at very high ionic strength
—NH3

+ Anionic exchange with protein regions that are rich in negative charges
COO–

COO–
ZnZn2+ Formation of metal chelates with protein regions that are rich in His residues (e.g., poly-His-tagged proteins)

Highly reactive disulfide
groups—S—S—R

Thiol-disulfide exchange with Cys placed (or introduced in different regions of the protein surface)

—COO� Cationic exchange with protein regions that are rich in positive charges

NATURE PROTOCOLS | VOL.2 NO.5 | 2007 | 1023

PROTOCOL



substrates33–36. In these cases, the use of different supports immo-
bilizing the protein via different regions may yield at least one
immobilized protein preparation having the biological activity.

The use of epoxy supports bearing a second group able to
specifically adsorb the target protein has proved to be a very useful
tool for the one-step purification–immobilization–stabilization of
proteins. Thus, tailor-made metal-chelate-epoxy supports (having
an extremely low amount of metal-chelate groups) have been used
to purify, immobilize and stabilize polyhistidine-tagged proteins
(e.g., glutaryl acylase37, b-galactosidase from Thermus sp38 or
peroxidase39). Considering that the second group may be any
kind of ligand, it may be expected that this technique may be
applicable to many other cases (except using inhibitors, because
that should yield an inhibited enzyme).

Another very exciting application of this two-step immobiliza-
tion protocol may be the covalent immobilization of antibodies
with the correct orientation (the Fab region opposite to the support
surface) on a fully inert support surface. For example, the immo-
bilization of antibodies on epoxy-metal-chelate supports afforded
fully functional antibodies40. This kind of immobilized antibody

(on porous supports or on magnetic nanoparticles) can be very
useful to design immunoaffinity supports or immunobiosensors.
After the two-step immobilization, epoxy groups on the support
may be blocked with very high concentrations of, for example,
glycine or cysteine, yielding a fully inert hydrophilic support
surface.

Finally, disulfide-epoxy supports, which may not be able to
immobilize many native proteins, are a powerful tool to get a
site-directed rigidification of proteins. By coupling site-directed
mutagenesis and this support, it is possible to prepare different
mutants each having one superficial Cys residue. If each mutant has
this Cys residue in different regions of the protein surface, it may be
possible to get an immobilization via this Cys residue, and
after that, rigidification of that area of the protein surface. This
permits detection of the most relevant areas for enzyme stabiliza-
tion against different inactivation agents (T, drastic pH values,
solvents, etc.). Moreover, this may permit to modulate the proper-
ties of enzymes like PGA or lipases. In our laboratory, we have got
some very nice supports and experiments are ongoing to improve
even that.

MATERIALS
REAGENTS
.Epoxy Sepabeads (EC-EP-Sepabeads; Resindion SRL, Mitsubishi Chemical

Corporation) (ethylenediamine (EDA)-epoxy supports (EES))
.Eupergit C or 250 (Degussa, Röhm GmbH & Co. KG) (EES and thiol-epoxy

supports (TES))
.EDA (Sigma Chemical Company) (EES)
.! CAUTION Corrosive, flammable and harmful in contact with skin and if

swallowed. Working with gloves and in a fume hood is recommended .
.Amino-Support modification solution: 0.3 M ethylenediamine in distilled

water at pH 8.5 and 25 1C (adjusted with 1 M HCl) (EES) m CRITICALTo
prevent the oxidation of the ethylenediamine, when the pH is adjusted to 8.5
by adding HCl, the temperature should not exceed 30 1C.

.Washing solution 1: 1 M NaCl/100 mM sodium hydrogen carbonate at
pH 8.5 (EES)

.Washing solution 2: 1 M NaCl/100 mM sodium acetate at pH 5.0 (EES)

.Protein immobilization buffer 1: 5 mM sodium dihydrogen phosphate buffer
at pH 7.0 (adjusted with 5 M NaOH) (EES)

.Protein desorption solution 1: 1.5 M sodium dihydrogen phosphate at pH
7.0 (adjusted with 5 M NaOH) (EES)

.Multipoint covalent attachment incubation buffer: 0.1 M sodium hydrogen
carbonate at pH 8.5 or 10 (adjusted with 5 M NaOH) (EES)

.Blocking solution: 3 M glycine at pH 8.5 (EES)

.Mercaptoethanol was from Sigma Chemical Company (EES) ! CAUTION
Harmful if swallowed. Toxic in contact with skin. Causes burns. Working in
a fume hood and with protective gloves is recommended.

.Blocking solution b: 1 M mercaptoethanol in 50 mM sodium dihydrogen
phosphate pH 8.5 (EES)

.Epoxy Sepabeads (FP-EP-Sepabeads) from Resindion SRL (Mitsubishi
Chemical Corporation) (TES)

.Sodium sulfide was from Sigma Chemical Co. (TES) ! CAUTION Causes
burns, and when in contact with acids liberates toxic gas. Working in a fume
hood and using protective clothing is recommended.

.Thiol-Support modification solution: 50 mM sodium hydrogen carbonate at
pH 8.5 containing 1 mM sodium sulfide at 25 1C (TES)

.2,2¢-dipyridyl disulfide(2-PDS) (this compound is also named 2,2¢-
dithiodipyridine) (Sigma Chemical Co.) (TES) ! CAUTION Irritating to eyes,
respiratory system and skin. Wear protective clothing and gloves.

.Thiol determination buffer: 0.1 M sodium dihydrogen phosphate (adjusted
with 5 M NaOH at pH 8.0) containing 1.5 mM 2-PDS (TES)

.Thiol activating solution: 60% acetone/40% (v/v) 50 mM sodium hydrogen
carbonate containing 0.2 M 2-PDS (TES)

.Ethylene diamine tetraacetic acid (Sigma Chemical Co.) (TES)

.Washing solution 3: 60% acetone/40% water (v/v) (TES)

.Washing solution 4: 1 mM ethylene diamine tetraacetic acid dissolved in
water (TES)

.Washing solution 5: 5 mM sodium dihydrogen phosphate pH 7 (adjusted
with 5 M NaOH) (TES)

.Washing solution 6: 0.2 M sodium acetate at pH 5.0 (TES)

.D,L-Dithiothreitol (DTT) (Sigma Chemical Co.) (TES) ! CAUTION Harmful
if swallowed. Irritating to eyes, respiratory system and skin. Wear suitable
protective clothing.

.N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP) (Sigma Chemical Co.)
(TES)

.Chemical thiolation solution: 25 mM SPDP in ethanol (TES)

.Protein disulfide reducing solution: 500 mM DTT in 0.1 M sodium acetate
pH 4.5 (TES)

.Protein elution solution: 50 mM sodium dihydrogen phosphate containing
400 mM DTT (final pH value is pH 8.0 adjusted with 5 M NaOH) (TES)

.Multipoint covalent attachment incubation buffer: 0.1 M sodium hydrogen
carbonate at pH 8.5 or 10 (adjusted with 5 M NaOH) (TES)

.Blocking solution: 3 M glycine at pH 8.5 (TES)

.PD-10 columns (Sephadex G-25) (Pharmacia BTG-LKB) (TES)
EQUIPMENT
.Magnetic bars
.Sintered glass filter
.Vacuum filtering systems: to recover the supports and immobilized enzymes,

these systems are simpler than centrifuges
.pH stat
.Micropipettes to take samples
.Fume hood. Thiol compounds smell very strongly
REAGENT SETUP
Protein immobilization buffer 2 10 mM sodium dihydrogen phosphate
buffer at pH 7.0 (adjusted with 5 M NaOH). Low concentrations (upto 10 mM)
of protein stabilizers could be added to this buffer as long as they did not present
primary amino groups or thiol groups (TES).

EQUIPMENT SETUP
Stirring systems The use of suspensions makes the use of mild stirring systems
in order to have a homogenous suspension when taking samples necessary. This
may be, for example, magnetic stirring, mechanical stirring with helix, orbital
stirring or shakers. m CRITICAL Using heterogeneous suspensions, an adequate
stirring system must be used in most of the steps (in activation of the support,
immobilization of the enzymes or enzyme activity determination); however, this
may not be used when the enzyme has been already immobilized and we only
intend a more intense multipoint covalent attachment.
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PROCEDURE
Preparation of supports
1| Prepare the supports using by following the steps in options A, B and C, respectively. The moieties introduced in the
support may be almost any molecule able to react with the epoxy groups and permit the adsorption of the target protein. To
favor multipoint covalent attachment, always introduce the minimum amount of these groups to achieve the adsorption of our
target protein in a reasonable time. Option A describes the preparation of EDA-epoxy, EDA-mercaptoethanol and EDA-supports;
option B describes the preparation of thiol-epoxy and thiol-glycine supports; and option C describes the preparation of
disulfide-epoxy and disulfide-glycine supports.
(A) EDA-epoxy, EDA-mercaptoethanol and EDA supports

(i) Wash 10 g of EP-Sepabeads or Eupergit C (five times with 10 volumes of deionized water).
(ii) Incubate the washed supports in 100 ml of amino support modification solution at 25 1C under gentle stirring for 1 h

(modification of around 20% of the epoxy groups is achieved). If the target enzyme does not become adsorbed on this
low-activated support, the degree of modification of the epoxy groups in the support may be increased by longer incuba-
tion time with the amino support modification solution.

(iii) To modify all epoxy groups with EDA (EDA-support), increase the pH of the amino support modification solution to pH 10
and allow the reaction to proceed for 24 h.

(iv) Filter the EDA-epoxy supports and EDA-support on a sintered glass filter and wash thoroughly with washing solutions
1 and 2, and finally with distilled water. Eliminate the interparticle water by vacuum filtering. At this stage, the
quantification of EDA groups introduced on the support may be performed by titrating the amino groups in the
support by using a pH stat. Considering that the pKa of these groups is around 7 for the primary and around 10 for the
secondary amine, a titration with 10 mM NaOH from pH 4.8 to 8.8 will determine the concentration of the first group.
It is recommended that 1.5 M of KCl be added to the medium41.

(v) The remaining epoxy groups can be blocked with mercaptoethanol by incubation with the blocking solution 2 for 14–18 h
to avoid reaction of the enzyme with the epoxy groups. EDA-mercaptoethanol-blocked supports should then be washed
with washing solutions 1 and 2 and distilled water. This support may be used as a reference to check if the target protein
becomes adsorbed on this support.

(vi) Store the wet (with pores full of water) EDA-epoxy supports at 4 1C. The adsorption and covalent immobilization properties
remain almost unaltered after 1 month.

(B) Thiol-epoxy and thiol-glycine supports
(i) Wash 10 g of EP-Sepabeads or Eupergit C with deionized water.
(ii) Incubate the washed supports in 400 ml of thiol support modification solution at 25 1C under gentle stirring for 5 h.
(iii) Filter the thiol-epoxy supports on a sintered glass filter and thoroughly wash with washing solutions 1, 2 and 5. Eliminate

the interparticle water by vacuum filtering.
(iv) The thiol-epoxy supports can be stored at 4 1C (supports may be stored for a maximum of 1 week). To store these supports,

wash them with washing solution 6.
(v) To determine the amount of thiol groups introduced in the support, incubate 0.5 g of the thiol containing supports with

20 ml of thiol determination buffer at 25 1C under gentle stirring for 1 h. Take a sample of the supernatant and determine
the amount of pyridine-2-thione released from the support by measuring the absorbance of the supernatant at 343 nm.
The molar extinction coefficient of pyridine-2-thione42 is 8.02 � 103 M�1 cm�1. The concentration of the thiol groups pre-
sent on the support can be calculated using the following equation:

mmol thiol per g of support ¼ ðA343�Vtotal�dilution factorÞ=ð8:02�g of supportÞ
Vtotal¼ 20 ml, g of support ¼ 0.5 g. The basic reaction scheme of this titration is outlined in Figure 2. The thiol groups
of the support react forming a 2-pyridyl disulfide. Thereby, a 2-pyridyl thiol is produced in equimolecular amount to the
reactive thiol groups on the support. The 2-pyridyl thiol is stabilized by its tautomeric thione form, which serves as chro-
mophoric reporter as it strongly absorbs at 343 nm. Owing to this stabilization, the position of equilibrium favors the pro-
ducts, and the reaction occurs quantitatively43–45.

(vi) To prepare a support where the attachment proceeds only via the thiol group, the remaining epoxy groups can be blocked
with glycine by incubation with the blocking solution for 14–18 h to leave the thiol moieties as the only reactive group
(thiol-glycine-blocked supports). The thiol-glycine-blocked supports should then be washed with washing solutions 1, 2
and 5 and vacuum-dried. This support may be used in order to check if thiol-disulfide exchange is the first step of the
enzyme immobilization, and to have a protein immobilized but not rigidificated to be used as reference.
’ PAUSE POINT Thiol-glycine supports can be stored at 4 1C for a maximum of 1 week. In general, thiol groups are not
very stable and the stability decreases with the concentration. It may be convenient to check if the thiol groups are still
reactive if the enzymes or supports have been stored for more than 2–3 days.

(C) Disulfide-epoxy and disulfide-glycine supports
(i) Prepare thiol-epoxy or thiol-glycine supports as described in option B.
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(ii) To activate the thiol group, incu-
bate 10 g of thiol supports in 100
ml of the thiol-activating solution
for 1 h at 25 1C.
m CRITICAL STEP The control of
the modification of epoxide is criti-
cal, as too low will result in a very
low immobilization and too high
can hinder the multipoint covalent
attachment. In some cases, the
disulfide group may be in the
protein. In this case, thiol
supports could be directly used
in immobilization.

(iii) Wash the thiol-reactive (epoxy or glycine) supports with washing solutions 3, 4 and 5 (approximately five times with each
washing solution, each wash having a volume five times that of the support).
’ PAUSE POINT The thiol-reactive supports can be stored at 4 1C for 1 month.

Immobilization of proteins
2| Immobilize the proteins on EDA-epoxy, disulfide or thiol-epoxy supports by performing the steps in options A, B and C,
respectively. In these methods, it is necessary to first determine whether the support is able to immobilize the target protein
and then to optimize the conditions for this reaction. For EDA-epoxy supports, for example, the pH should be adjusted to
conditions where the target protein is adsorbed. The standard protein immobilization buffer 1 should, however, be valid for
around 70% of proteins at pH 7. Immobilization on disulfide-epoxy and thiol-epoxy supports is via thiol-disulfide exchange and
therefore only proteins bearing exposed thiol groups can be immobilized on the support. Immobilization on thiol-epoxy
supports is possible only when the protein has been chemically modified to introduce a disulfide group on its surface.
m CRITICAL STEP Suitable references must be used to ensure that the immobilization is really due to the groups introduced
in the support.
(A) On EDA-epoxy supports

(i) Feasibility of the support to immobilize the target protein: dissolve the proteins in 90 ml of protein immobilization
buffer 1. Add 7 g of EDA support (without epoxy groups) to the protein solution and stir this immobilization suspension
gently. To this first approximation, 1 mg of protein per g of support may be enough.
m CRITICAL STEP It is necessary to be sure that the enzyme becomes adsorbed on the support; otherwise, immobilization
will be too slow. However, although the use of supports having many amino groups can accelerate the adsorption, it will
hinder the multipoint covalent attachment.

(ii) Periodically take samples of the supernatants and analyze for enzyme activity (Fig. 3; for an example using
b-galactosidase, see Box 1). If the enzyme was adsorbed on the EDA-support, go to Step 2A(ix). If no adsorption of
the protein was observed on the support, go to Step 2A(iii).

(iii) Prepare immobilization buffer 1 at pH values from 5 to 9.
(iv) Dissolve the proteins in immobilization buffer 1 of different pH values.
(v) Add 7 g of EDA-support to the different protein solutions at the different pH values and stir these immobilization suspen-

sions gently.
(vi) Periodically, take samples of the supernatants and analyze for enzyme activity. Choose the milder pH value for enzyme sta-

bility where the enzyme becomes adsorbed on the EDA-support and continue with the next section.
(vii) Immobilization on EDA-epoxy supports: add 7 g of EDA-epoxy support to 90 ml of the protein solution at the pH value

where the target enzyme becomes adsorbed on the EDA-support, and stir this immobilization suspension gently. Incubate
a solution of enzyme under the same conditions as a reference.

(viii) Periodically, take samples of the supernatants and the reference, and analyze these for enzyme activity. If the enzyme
becomes adsorbed on the support, go to Step 2A(xi). If there is no significant immobilization after 5 h, assume that the
amount of cationic groups on the support is not enough to adsorb the target enzyme and go to Step 2A(ix).

(ix) Prepare new EDA-epoxy supports, this time using longer reaction times with the amino support modification solution in
order to increase the amount of EDA groups introduced in the support. Try modifications of 30, 40 and 50% of the epoxy
groups (remember that although higher modification may permit adsorption, it will also result in decreased rate for the
subsequent covalent reaction).

(x) Choose the EDA-epoxy support with the lowest concentration of EDA groups able to immobilize the protein.
(xi) Take 10 ml of the chosen immobilization suspension; wash with washing solution 5 to eliminate all the proteins not

bound to the support and dry under vacuum filter.
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(xii) Add 0.7 g sample of the support with the immobilized proteins to 9 ml of protein desorption solution 1.
(xiii) Stir this suspension gently for 30 min.
(xiv) Determine the activity or the protein concentration in the supernatant. If the EDA-support released all the proteins

whereas the EDA-reactive epoxy did not release any protein at all, this implies that covalent immobilization has
occurred. If some protein was still released, longer enzyme–support incubation may be necessary to get the covalent
immobilization.

(xv) When there is no desorption of proteins in Step 2A(xiv), the covalent immobilization is considered complete; wash the insolu-
ble derivatives with washing solution 5 and distilled water (approximately five times with 5 volumes of each solution).

(B) On disulfide-epoxy supports
(i) Feasibility of the support to immobilize the target protein: dissolve the enzyme in 80 ml of immobilization buffer 2.

Protein stabilizers can be added to this buffer as long as they do not present any primary amino or thiol groups.
m CRITICAL STEP Only some few proteins have free superficial Cys; thus, only if the enzyme may be immobilized in
disulfide support, these supports will be valid for the natural enzyme.

(ii) Add 7 g of thiol-reactive glycine supports to the solution and stir this immobilization suspension gently at 25 1C.
(iii) Periodically, take samples of the supernatants and ana-

lyze them for enzyme activity. If the enzyme was immo-
bilized on the thiol-reactive glycine, go to Step 2B(xii).
If immobilization of the protein on the support was not
observed after 3 h, this implies that the protein does
not have exposed reactive thiol groups. In this case, sul-
fydryl groups need to be generated from reduction of
indigenous disulfides (go to Step 2B(iv)) or created via
site-directed mutagenesis or via controlled chemical
modification (go to Step 2C(iv). Both procedures would
need to be focused on the protein surface21,45.

(iv) Generation of sulfydryl groups by reduction of indigen-
ous disulfides (an example of this, using b-galactosidase,
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BOX 1 | EXAMPLE 1. IMMOBILIZATION OF b-GALACTOSIDASE FROM Aspergillus
oryzae ON AMINO-EPOXIDE SUPPORTS

Materials:
� b-Galactosidase was from A. oryzae (grade XI) and o-nitro-phenyl-b-D-galactopyranoside (o-NPG) was from Sigma Chemical Company.
� Activity solution was 10 mM o-NPG at 25 1C in 0.1 M sodium acetate pH 4.5.
� UV spectrometer (stirring system is required for measuring immobilized enzymes).

Procedure:
To measure the enzyme activity, a sample of 100 ml of enzyme solutions or suspensions was added to a cell (1 cm� 1 cm) containing 2.5 ml of
activity solution.
Enzyme activity was assayed by monitoring the increase in the absorbance at 405 nm caused by the release of o-nitrophenol under that
conditions.
The commercial powder (b-galactosidase, 8 IU mg�1) was dissolved at 2.5 mg ml�1 in the immobilization buffer and centrifuged at 2,400g
to eliminate the insoluble fraction.
Samples of 20 ml of this solution were added to 2 g of amino-epoxy-Eupergit containing different amounts of amino groups (from not aminated
to fully aminated) under mild stirring.
1 ml samples of the supernatant and the suspensions were taken after 1, 3, 8 and 24 h to check the enzyme activities. From the results, the
adsorption rate may be determined (Fig. 3).
m CRITICAL STEP To take samples of immobilized enzymes, it is necessary to use cut tips in the pipettes and use a vigorous stirring to ensure full
dispersion.
To check the covalent binding, the enzyme suspensions were washed with protein immobilization buffer and vacuum-dried. Then, 50 mg of this
preparations was resuspended in desorption solution 1 to check the covalent attachment. This will show the covalent immobilization rate (Fig. 3).

Results:
Highly modified supports rapidly adsorbed the protein while covalent attachment was very slow. Thus, the highest covalent immobilization
(that is influence by the rate of adsorption and the rate of epoxy-enzyme reaction) was achieved with a moderate concentration of EDA
modification (around 20% of the epoxy groups of Eupergit C modified with EDA). This permitted a moderately rapid adsorption of the protein
(in 3 h) and a rapid covalent immobilization of the adsorbed proteins.
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is described in Box 2). Prepare a protein solution at a concentration of 1–20 mg ml�1 in 50 mM sodium phosphate
pH 7.0.

(v) Add protein disulfide reducing solution to a final concentration of 25 mM, that is 50 ml per ml of protein solution.
(vi) Incubate the reaction mixture for 30 min at 25 1C.
(vii) Purify the reduced enzyme from the excess of DTT by gel filtration using 50 mM sodium phosphate pH 7.0. The

thiol-enzyme must be used immediately in immobilization to prevent sulfidryl oxidation (Fig. 4).
(viii) Immobilization on disulfide-epoxide supports: add 10 g of disulfide-epoxy or disulfide-glycine support to 90 ml of reduced

enzyme in 50 mM sodium phosphate pH 7.0. Use a control with soluble enzyme and without support to determine the
possible inactivating effect of incubating conditions (pH, ionic strength, temperature) on the enzyme during the
incubation period.

(ix) Periodically, take samples of the
supernatant and suspension and
analyze these for enzyme activity.
m CRITICAL STEP To take samples
of immobilized enzymes, it is
necessary to use cut tips in the
pipettes and use a vigorous stirring
to ensure full dispersion.

(x) Take 10 ml of immobilization sus-
pension, filter it and wash with
washing solution 5 to eliminate all
the proteins not bound to the sup-
port, and dry under a vacuum filter.

(xi) Add 1 g (wet weight) of the sup-
port with the immobilized proteins
to 9 ml of protein elution solution.
Stir this suspension gently for
30 min at 25 1C. Determine the
activity or the protein concentra-
tion in the supernatant. If the
thiol-reactive glycine support
released all the proteins whereas
the thiol-reactive-epoxy support
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BOX 2 | AN EXAMPLE OF PROTEIN THAT NEEDS DISULFIDE REDUCTION FOR
ITS IMMOBILIZATION ON DISULFIDE-EPOXIDE SUPPORTS: IMMOBILIZATION OF
b-GALACTOSIDASE FROM K. lactis

Materials:
b-Galactosidase from K. lactis (Maxilact LX 5000), supplied by Gist-Brocades. o-Nitro-phenyl-b-D-galactopyranoside (o-NPG) was from Sigma
Chemical Company.
Activity solution was 30 mM (o-NPG) at 25 1C in 20 mM potassium phosphate/100 mM KCl/2 mM MgCl2 pH 7.

Procedure:
To measure the enzyme activity, a sample of 100 ml of enzyme solutions or suspensions was added to a cell (1 cm� 1 cm) containing 2.5 ml of
activity solution. To measure immobilized enzymes, a stirring system is necessary. One unit of enzyme (IU) was defined as the amount of enzyme
catalyzing the hydrolysis of 1 mmol of o-NPG per minute under the specified conditions.
m CRITICAL STEP To take samples of immobilized enzymes, it is necessary to use cut tips in the pipettes and use a vigorous stirring to ensure full
dispersion.
Feasibility of the immobilization on disulfide-epoxide supports of Maxilact: 10 g of disulfide-glycine supports is added to 100 ml of
Maxilact (2 mgml�1) in 50 mM potassium phosphate and 2 mMMgCl2 at pH 7.0. After 6 h of incubation, no significant percentage of the enzyme
had been immobilized. It has been previously shown that the reduction of b-galactosidase from K. lactis is a way of generating free reactive
thiols as it improves the immobilization yield onto thiol-reactive adsorbents40.
Reduction of thiol groups: prepare an enzyme solution containing 30 mg ml�1 in 0.1 M potassium phosphate buffer and 2 mM MgCl2 at pH 7.0
and add protein disulfide reducing solution to a final concentration of 25 mM, that is 50 ml per ml of protein solution.
Allow the reaction to proceed for 30 min at 25 1C. Then, by dialysis or gel filtration eliminate the excess of reactive. Go to Step 2B(xi).
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Figure 4 | Immobilization of proteins (chemically modified or natural) on thiol or disulfide-epoxy

supports.
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did not release any protein at all, this implies that additional covalent immobilization have occurred between nucleophiles
of the protein surface and epoxide groups of the support. If some protein is released, it is necessary to perform the
enzyme–support reaction for longer times.

(xii) When the covalent immobilization is considered complete (that is, no release of protein to the supernatant is observed),
the insoluble derivatives should be thoroughly washed with washing solution 5 and distilled water.

(C) On thiol-epoxy supports
(i) Chemical thiolation of the protein surface (an example is described in Box 3). Prepare a protein solution at a concentra-

tion of 1–20 mg ml�1 in 50 mM sodium phosphate pH 7.0 (ref. 46).
(ii) Then slowly add the chemical thiolation solution and incubate the reaction mixture at 25 1C for 30 min under gentle

stirring.
m CRITICAL STEP The introduction of just one disulfide on the enzyme surface is enough to permit the immobilization on
a thiol-reactive support; thus, it is recommended to adjust the amount of SPDP to an equimolecular relation with the
enzyme molecules to ensure a very mild modification of the protein, decreasing the negative effect of this modification on
the enzyme activity.

(iii) Then, by dialysis or gel filtration, eliminate the reaction by-products. The SPDP-modified protein contains pyridildisulfide
groups; therefore, it is not necessary to activate the thiol groups of the bifunctional supports with 2-PDS, and the protein
could be immobilized directly to bifunctional supports containing thiol and epoxide groups (Fig. 4).

(iv) Immobilization on thiol-epoxide and thiol-glycine supports: add 10 g of thiol-epoxy supports to 100 ml of SPDP-
modified enzyme in 50 mM sodium phosphate pH 7.0. Incubate a solution of enzyme under the same conditions as
a reference.

(v) Periodically, take samples of the supernatant and suspension and analyze for enzyme activity (for around 12 h). The
non-immobilized protein should correspond to the percentage of enzyme molecules without disulfide groups.
m CRITICAL STEP To take samples of immobilized enzymes, it is necessary to use cut tips in the pipettes and use a
vigorous stirring to ensure full dispersion.

(vi) Complete the immobilization by performing Steps 2B(viii)–(xii).

3| In some cases, these preparations are used directly in the blocking step. If higher stability is desired, multipoint covalent
attachment is necessary.

Immobilized enzymes on supports bearing epoxy groups may become more stable if multipoint covalent attachment is
achieved between the nucleophilic groups of the already covalently immobilized enzyme and the remaining epoxy groups in
the support13,14. To achieve this, perform the following steps: (i) wash the immobilized preparations 5 times with 3 volumes of
incubation buffer and resuspend in 3 volumes of that buffer. As this is a ‘‘pseudo-intramolecular’’ reaction, continuous
stirring is not necessary. (ii) Periodically, take samples of the suspensions and analyze the enzyme activity. (iii) To stop the
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BOX 3 | AN EXAMPLE OF PROTEIN WITHOUT SUPERFICIAL THIOLS: IMMOBILIZATION OF
PENICILLIN G ACYLASE FROM Escherichia coli ON THIOL-EPOXIDE SUPPORTS

Materials:
Pure penicillin G acylase (PGA) from E. coli (Antibioticos S.A. Leon, Spain) (20 mg ml�1), sodium penicillin G (PG) and N-succinimidyl
3-(2-pyridyldithio)propionate (SPDP).

Procedure:
Measurement of the enzyme activity: Prepare 1% PG in sodium phosphate buffer at pH 8 and 25 1C. Samples of 20 ml are placed in a
thermostatized beaker and the pH is controlled by an automatic titrator, using 10 mM NaOH. PGA (samples with an activity between 0.5 and
2 IU) is added and the activity of the enzyme is calculated from the NaOH consumption per minute.
Feasibility of the immobilization on disulfide-epoxide supports of natural PGA: 10 g of disulfide-glycine supports are added to 100 ml PGA (2 mg
ml�1) in 50 mM sodium phosphate pH 7.0. After 6 h, a significant immobilization of the enzyme could not be observed. This protein has no Cys
residues; therefore, it is normal that the immobilization does not proceed46.
In case that the used protein was of unknown structure and/or sequence, before the chemical thiolation, it may be convenient to try the
reduction of the protein to regenerate any existent thiol residue in the protein surface (Step 2B(iv)).
Chemical thiolation: Add to 100 ml of PGA (20 mg ml�1) in 50 mM sodium phosphate pH 7.0, 9 ml of chemical thiolation solution for 30 min at
25 1C (this is a 1/1 molar relation of SPDP with the enzyme molecules).
Then, by dialysis or gel filtration, eliminate the excess of reactive. The protein modified has already a reactive disulfide group.
Immobilization on thiol-epoxy supports: 10 g of thiol-epoxy or thiol-glycine supports is added to 100 ml of modified PGA (2 mg ml�1) in 50 mM
sodium phosphate pH 7.0. After 12 h, full immobilization of the enzyme was observed. Go to Step 2B(xi).
Immobilization on disulfide-epoxy supports. To get free thiol groups in the proteins support, go again to Step 2B(x). Then go to Step 2B(xi).
In this case, full immobilization of the enzyme may be achieved after 12 h.
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support–enzyme reaction (e.g., when the activity decreases and/or the stabilization was in the desired range), go to the
next section.
m CRITICAL STEP To take samples of immobilized enzymes, it is necessary to use cut tips in the pipettes and use a vigorous stirring
to ensure full dispersion.

Blocking of the remaining epoxy groups on the support
m CRITICAL STEP This step permits one to stop the enzyme–support reaction and also alter the physical properties of the support
surface, critical in many cases for the enzyme stability. Moreover, it prevents substrates of the enzyme from reacting with the support
during biocatalyst use.

4| Vacuum-dry the immobilized preparations, resuspend in 3 volumes of blocking solution and stir gently at 25 1C.

5| After 24 h, wash the preparations with washing solutions 1 and 2 and distilled water. Store the immobilized preparations at
4 1C. Never freeze the immobilized preparation, as this will result in physical destruction of the support.

� TIMING
Immobilization on amino-epoxy supports

Synthesis of amino-epoxy supports: 4 h
Synthesis of amino supports: 20–25 h
Adsorption of proteins: 1–6 h
Multipoint covalent attachment: 18–48 h
Blocking of the remaining epoxy groups on the support: 20 h

Immobilization on thiol or disulfide—epoxy supports
Synthesis of thiol-epoxy supports: 6 h
Synthesis of thiol-glycine supports: 20–25 h
Synthesis of thiol-reactive-epoxy and thiol-reactive-glycine supports: 7 h, 21–26 h
Disulfide reduction of protein: 24 h
Chemical thiolation of proteins: 24 h
Immobilization of thiol-proteins or SPDP-modified proteins on disulfide or thiol-epoxy supports: 1–18 h
Stabilization of immobilized enzymes by multipoint covalent attachment: 18–48 h
Blocking of the remaining epoxy groups on the support: 20 h

ANTICIPATED RESULTS
Example 1: Immobilization of enzymes on different heterofunctional supports: effect of activity recovery.
As discussed in INTRODUCTION, the immobilization of enzymes on different heterofunctional epoxy supports may permit the
immobilization of the enzyme through different parts of the protein. In this way, it is possible that immobilization has very dif-
ferent effects on the enzyme activity when different supports are used.

Table 2 shows some of the most relevant results obtained in our laboratory.
Some enzymes are not significantly immobilized on certain supports19; for example, PGA from Escherichia coli is not immobi-

lized on EDA-epoxy supports (this enzyme did not become adsorbed on mild anionic exchangers)47,48. The lack of external
Cys on the enzyme means that the immobilization on the disulfide-epoxide support was very poor. This problem was solved by
chemical thiolation of the enzyme, which enabled its immobilization on thiol-epoxy supports (Box 3). In other cases, although
the enzymes are immobilized, the expressed activity is very different. For example, b-galactosidase from A. oryzae is fully
inactivated when immobilized on conventional hydrophobic epoxy-supports, but retains almost full activity when immobilized
on EDA-epoxy supports19. Similarly, epoxide hydrolase from A. niger retained only 30% of its activity when immobilized on
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TABLE 2 | Effect of the type of epoxide support on the activity recovery after immobilization of different enzymes.

Enzyme(reference) Hydrophobic EDA-epoxy Disulfide-epoxy

Lipase (C. rugosa)19 100 95 o5
PGA (E. coli)14 75 o5 o5
b-Galactosidase (A. oryzae)19,25 0 95 o5
b-Galactosidase (Thermus sp)26 40 35 o5
b-Galactosidase (E. coli) ND ND 100
b-Galactosidase (Kluyveromices lactis) ND 15 100
Epoxide hydrolase (A. niger)24 30 95 5
Glutaryl acylase (Pseudomonas sp)19,25 75 100 ND

Immobilization was performed at pH 7.0 and 4 1C under optimal concentration of sodium phosphate. ND, not determined.
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hydrophobic epoxy supports, whereas recovered activity was
nearly 100% using EDA-epoxy supports24. b-Galactosidase from
E. coli is an example where the enzyme has many exposed Cys
residues. This permits the rapid immobilization on disulfide-
epoxy Eupergit. For the lipase from Candida rugosa, the high-
est activity recovery was obtained using the conventional
hydrophobic-epoxy support19.

Example 2. Immobilization of enzymes on different hetero-
functional supports: effect of the kind of support on the
enzyme stabilization by multipoint covalent attachment.
As discussed in INTRODUCTION, stabilization of enzymes by
multipoint covalent or multisubunit attachment is a well-
established technique, requiring a suitable system to permit
intense support–enzyme interactions1–6. However, final results
depend on different factors: (i) the area of the enzyme near the support must contain a relatively high number of groups able to
react with the support; (ii) this area must be relevant for the enzyme stability; and (iii) in the case of multimeric enzymes, this
orientation must be such that several protein subunits can be involved in the immobilization.

Immobilization of the proteins via different orientations may give very different final stability of the immobilized enzymes.
For example, Figure 5 shows that when b-galactosidase from Thermus sp T2 is immobilized on any epoxy support, it is more
stable than the soluble enzyme. However, when using conventional hydrophobic epoxy supports or EDA-epoxy supports, the sta-
bilization is very poor; using boronate-epoxy or IDA-Me2+-epoxy supports, the stabilization factor becomes very significant26.
Similarly, Figure 6 shows that glutaryl acylase immobilized on conventional hydrophobic-epoxy supports is much less stable
than the enzyme immobilized on EDA-epoxy-supports25.

Figure 7 shows that epoxyde hydrolase from A. niger immobilized on EDA-epoxy supports is much more stable than the same
enzyme immobilized on conventional hydrophobic supports22.

Example 3: Immobilization of enzymes on different heterofunctional supports: effect on the enantiospecificity of
lipases.
It has been shown that the properties of lipases, owing to the peculiar mechanism of catalysis (involving dramatic
conformational changes), may be strongly modulated by involving different regions of the enzyme in the immobilization27–30.
Modified conformational changes of lipases produce lipase preparations yielding very different properties.

Lipases may be immobilized on commercial epoxy supports (having a hydrophobic matrix) even at low ionic strength.
This is due to the fact that they can become adsorbed on the hydrophobic surface of the support via interfacial activation
(even at low ionic strength). This particular feature of lipases has been used to immobilize, purify and hyperactivate lipases
in just one step using supports like octyl-agarose49, but in this case it is a problem because it has been assessed that the
partial modification of the support surface, even with hydrophilic groups like EDA or IDA, is not enough to prevent the
interfacial adsorption. However, by adding a small concentration of detergents (e.g., 0.5% Triton X-100), adsorption via
interfacial activation may be fully prevented29, and lipases will become adsorbed by the groups inserted in the matrix.
Other possible problems using lipases is their tendency to form lipase–lipase dimers with altered properties; this is also
solved using detergents50–52.

Therefore, considering that the use of different heterofunctional epoxy supports may result in the immobilization of lipases
via different areas, different epoxy-heterofunctional supports were used to immobilize the lipase from Mucor miehei and the

  
p

u
or

G  
g

n i
h si l

b
u

P er
u ta

N 700 2
©

n
at

u
re

p
ro

to
co

ls
/

m
oc.er

ut a
n.

w
w

w//:
ptt

h

0
0

R
es

id
ua

l a
ct

iv
ity

 (
%

)

100

20

20

40

40

60

60

80

80

Time (h)

Figure 5 | Effect of the support on the thermal stability of immobilized

b-galactosidase from Thermus sp. Derivatives were immobilized at pH 7 for

24 h and further incubated for 24 h at pH 10 and 25 1C before blocking with

3 M glycine. Inactivations were carried out at 80 1C in Novo buffer pH 6.5 in

triplicate, (circles) Sepabeads-boronic-epoxy; (squares) Sepabeads-Co-IDA-

epoxy; (triangles) Sepabeads-EDA-epoxy; (stars) Sepabeads-epoxy; (rhombus)

Soluble Htag-BgaA.
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Figure 6 | Effect of the support on the thermal stability of immobilized

glutaryl acylase25. Derivatives were immobilized at pH 7 for 24 h and further

incubated for 48 h at pH 10 and 25 1C before blocking with 3 M glycine.

Inactivations were carried out at 45 1C and pH 7.0. (Circles) Sepabeads-EDA-

epoxy; (squares) Sepabeads-epoxy.
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Figure 7 | Effect of the support on the thermal stability of immobilized

epoxyde hydrolase from A. niger. Derivatives were immobilized at pH 7 for

24 h and further incubated for 48 h at pH 10 and 25 1C before blocking with

3 M glycine. Inactivations were carried out at 50 1C and pH 7.0, (circles)

Sepabeads-EDA-epoxy; (squares) Sepabeads-epoxy.
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enantioselectivity of these preparations against ±butyroyl-2 phenylacetic acid was studied32. Table 3 shows the different results
obtained at 25 and 4 1C. While the enzyme immobilized on IDA-Me2+-epoxy or EDA-epoxy supports was hardly enantioselective,
the enzyme immobilized on IDA-epoxy supports (adsorbed via cationic exchange), was highly enantioselective (E¼60)32.
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