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Abstract

The pyridoxal 5�-phosphate-dependent enzymes tyrosine phenol-lyase and tryptophan indole-lyase were
encapsulated in wet nanoporous silica gels, a powerful method to selectively stabilize tertiary and quaternary
protein conformations and to develop bioreactors and biosensors. A comparison of the enzyme reactivity in
silica gels and in solution was carried out by determining equilibrium and kinetic parameters, exploiting the
distinct spectral properties of catalytic intermediates and reaction products. The encapsulated enzymes
exhibit altered distributions of ketoenamine and enolimine tautomers, increased values of inhibitors disso-
ciation constants, slow attaining of steady-state in the presence of substrate and substrate analogs, modified
steady-state distribution of catalytic intermediates, and a sixfold–eightfold decrease of specific activities.
This behavior can be rationalized by a reduced conformational flexibility for the encapsulated enzymes and
a selective stabilization of either the open (inactive) or the closed (active) form of the enzymes. Despite very
similar structures and catalytic mechanisms, the influence of encapsulation is more pronounced for tyrosine
phenol-lyase than tryptophan indole-lyase. This finding indicates that subtle structural and dynamic differ-
ences can lead to distinct interactions of the protein with the gel matrix.
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The development of new materials in which biomolecules
are integrated in either inorganic or organic matrices is a
current biotechnological challenge. A particularly powerful
approach, pioneered almost 30 years ago (Johnson and
Whateley 1971), but only recently fully exploited (Gill and

Ballesteros 2000; Gill 2001; Mozzarelli and Bettati 2001;
Jin and Brennan 2002; Bettati et al. 2003) is protein encap-
sulation via the silica sol-gel method (Brinker and Scherer
1990). Silica gel encapsulation usually maintains the bio-
logical activity of proteins (Ellerby et al. 1992) and gener-
ally increases their stability (Eggers and Valentine 2001).
Therefore, by making use of a large variety of composite
biomaterials (Gill and Ballesteros 2000; Bettati et al. 2003),
several systems have been developed tailored to the produc-
tion of (1) bioreactors for the synthesis of specific com-
pounds, (2) biosensors for the detection of analytes, (3)
photoaddressable electronic devices, (4) nanocapsules for
the controlled release of protein drugs, and (5) biocompat-
ible surface coating. Silica gel encapsulation has also re-
cently been used to trap and characterize conformational
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states of monomeric and allosteric proteins, as myoglobin
(Gottfried et al. 1999; Abbruzzetti et al. 2001), green fluo-
rescent protein (Chirico et al. 2002), hemoglobin
(Shibayama and Saigo 1995; Bettati and Mozzarelli 1997;
Juszczak and Friedman 1999; Bruno et al. 2001), fructose-
1-6-bisphosphatase (McIninch and Kantrowitz 2001), and
aspartate transcarbamoylase (West and Kantrowitz 2003).
Several studies on encapsulated enzymes comparing their
catalytic efficiency with respect to the soluble form found a
significant reduction (Gill and Ballesteros 1998; Jin and
Brennan 2002; Besanger et al. 2003; Bettati et al. 2003).
However, a careful examination of the influence of silica gel
entrapment on the individual steps of an enzyme-catalyzed
reaction has not yet been attempted.

Tyrosine phenol-lyase (TPL) and tryptophan indole-lyase
(Trpase) are pyridoxal 5�-phosphate-dependent enzymes
that catalyze the �-elimination reaction of L-tyrosine and
L-tryptophan, respectively, to form pyruvate, ammonium,
and either phenol or indole. TPL and TRPase follow very
similar catalytic mechanisms (see Scheme 1) with formation
of intermediates absorbing at distinct wavelengths: the ex-
ternal aldimine at 420 nm, a quinonoid species at 505 nm,
and the �-aminoacrylate Schiff base at 340 nm. Both en-
zymes exhibit a broad substrate specificity, acting on a wide
range of amino acids with suitable leaving groups on the
�-carbon, S-(o-nitrophenyl)-L-cysteine (Suelter et al.

1976), S-(alkyl)-L-cysteine (Kumagai et al. 1970),
�-chloro-L-alanine (Chen and Phillips 1993), L-serine
(Kumagai et al. 1970), and O-acetyl-L-serine (Phillips
1987). TPL is inhibited by several amino acids and amino
acid analogs, including L-alanine, L-phenylalanine (Chen
and Phillips 1993), and L-methionine (Chen et al. 1995a),
whereas Trpase is inhibited by oxindolyl-L-alanine (Kiick
and Phillips 1988). The reaction with these inhibitors forms
an equilibrating mixture of external aldimine and quinonoid
species. The three-dimensional structures of TPL from Ci-
trobacter freundii (Antson et al. 1993) and Trpase from
Proteus vulgaris (Isupov et al. 1998) were solved, revealing
a close arrangement of active site residues. However, de-
spite a high structural and functional similarity, in vivo TPL
and Trpase are extremely specific for their respective physi-
ological substrates. The molecular basis of this behavior has
been investigated by site-directed mutagenesis (Phillips et
al. 2003). The transition between open (inactive) and closed
(active) states of these enzymes accompanies substrate
binding and the catalytic cycle (Demidkina et al. 2002;
Phillips et al. 2003), as also observed in other PLP-depen-
dent enzymes belonging to the �- (Schirch et al. 1991;
McPhalen et al. 1992) and �-functional family (Schneider et
al. 1998; Burkhard et al. 1999).

In the present study, TPL and Trpase were encapsulated
in wet nanoporous silica gels using tetramethyl orthosilicate

Figure 1. Absorption spectrum of the internal aldimine of TPL-doped silica gels (solid line) and TPL in solution (dotted line), 50 mM potassium phosphate
(pH 7.0) at 25°C. Spectra were normalized for the absorption intensity at 280 nm.
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as a precursor (Ellerby et al. 1992), and, by taking advan-
tage of the distinct spectral properties of the PLP-enzyme
complexes, a comparison of both thermodynamic and ki-
netic properties of these enzymes in solution and in silica
gels was carried out.

Results

Tyrosine phenol-lyase from Citrobacter freundii

The absorption spectrum of TPL-doped silica gels shows
two major bands at 420 and 330 nm, as in solution (Fig. 1).
These bands have been attributed to the ketoenamine and
enolimine tautomers of the internal aldimine, respectively
(Bazhulina et al. 2000), the ketoenamine tautomer being
more favored in a polar active site environment (Faeder and
Hammes 1971). The absorbance ratio at 278 and 420 nm is
9.6 in solution and 11.8 in the gel. The relatively modest
decrease of the absorbance at 420 nm in the gel is paralleled
by a quantitatively comparable increase of the band around
340 nm. This result indicates that no significant denatur-
ation of TPL took place upon encapsulation, whereas the
tautomer distribution in the gel is altered, with the ketoe-
namine tautomer being less populated than in solution. The
origin and the functional relevance of these changes were
addressed by characterizing the reactivity of TPL-doped
gels towards inhibitors and substrate analogs. Titrations of
TPL-doped silica gels with L-phenylalanine (Fig. 2A), L-
methionine (Fig. 2B), and L-alanine (Fig. 2C) lead to the
formation of a sharp band around 500 nm and to the con-
comitant decrease of the absorption band of the internal
aldimine at 420 nm. The shape and position of the 500 nm
band are similar to those attributed to the quinonoid inter-
mediate in solution (Chen and Phillips 1993), thus indicat-
ing that the silica matrix does not prevent the formation of
this key catalytic species. However, the amount of quino-
noid species formed in the gel with respect to solution is
about twofold less, as indicated by the ratios of absorbance
at 420 and 500 nm (data not shown), suggesting a redistri-
bution of catalytic intermediates. The dissociation constants
of inhibitors for TPL gels are 1.2–6.6-fold higher than those
determined in solution (Table 1), indicating that binding of

Table 1. Dissociation constants for ligands of Citrobacter
freundii TPL and Proteus vulgaris Trpase in silica gels and
in solution

TPL-doped
gels

Soluble
TPL

Trpase-doped
gels

Soluble
Trpase

Kdiss
L-phe (mM) 6.26 ± 0.70 1.26 ± 0.20

Kdiss
L-met (mM) 3.83 ± 0.74 0.58 ± 0.03

Kdiss
L-ala (mM) 26.83 ± 5.63 23.34 ± 0.49

Kdiss
OIA (mM) 0.020 ± 0.003 0.014 ± 0.001

Figure 2. Absorption spectra of TPL-doped gels in the presence of in-
creasing concentrations of L-phenylalanine (A), L-methionine (B), and L-
alanine (C), 50 mM potassium phosphate (pH 7.5) at 25°C. (Insets) Ab-
sorbance change of the quinonoid band as a function of inhibitor concen-
tration. Data points were fitted to a single binding isotherm (solid line).

PLP-dependent enzymes in silica gels
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ligands requires a moderately increased energetic cost,
likely due to constraints imposed by the silica matrix on
protein dynamics.

The catalytic competence of TPL-doped silica gels in the
�-elimination reaction was evaluated by investigating the
reaction with the substrate analogs S-Me-Cys and 3-F-Tyr.
The reaction with S-Me-Cys leads to the slow disappear-
ance of the internal aldimine, absorbing at 420 nm, and the
concomitant formation of a quinonoid species absorbing at
500 nm (Fig. 3A). The amount of quinonoid species at
plateau is less than that observed in solution (Fig. 3C),
indicating that encapsulation has altered the steady-state
distribution of intermediates. The rate of the reaction, moni-
tored at either 500 or 420 nm, is significantly lower (Fig.
3A, inset) than that observed in solution, where the steady-
state is reached within the mixing time. This might be due
both to a reduction in protein flexibility, and a limitation to
the diffusion of the reagents. The average pore size of the
silica matrix is 4–5 nm, allowing free movement of low-
molecular-weight species within the gel (Bettati et al. 2003).
However, a gel thickness of the order of 0.5 mm can slow
down the equilibration of the enzyme sites with the external
medium. The same reaction kinetics, monitored at 340 nm,
the absorption peak of the enolimine tautomer of the ami-
noacrylate species (Kallen et al. 1985), exhibits a linear
increase of absorption intensity (Fig. 3A, inset). As sug-
gested by the lack of a clear isosbestic point in the spectra
collected at different times (data not shown), more than one
species is concomitantly forming. On the basis of the reac-
tion mechanism (Scheme 1), the quinonoid species is in
equilibrium with the aminoacrylate Schiff base. Further-
more, the aminoacrylate is constantly converted to the final
products pyruvate and ammonia, the former species absorb-
ing at 318 nm. The amount of pyruvate produced as a func-
tion of time was evaluated via the lactate dehydrogenase
assay. At the time by which the absorbance at 500 nm
reaches the maximal value (30 min; see Fig. 3A, inset), the
spectrum of TPL gels reacted with S-Me-cys, corrected for
pyruvate absorption (Fig. 3A), indicates that the aminoac-

Figure 3. Reactivity of TPL-doped gel and TPL in solution with S-Me-
Cys. Absorption spectra of TPL-doped gels were recorded in a solution
containing 50 mM potassium phosphate (pH 7.5) at 25°C, (A) in the ab-
sence (solid line) and presence of 20 mM S-Me-Cys after 30 min of
reaction (dashed line) and after subtraction of pyruvate absorbance (dotted
line), (B) in the absence (solid line) and presence of 20 mM S-Me-Cys and
5 mM 4-OH-pyr, after 30 min of reaction (dashed line) and after subtrac-
tion of pyruvate absorbance (dotted line). Pyruvate concentration was
evaluated by a coupled lactate dehydrogenase assay (see Materials and
Methods). Insets: Absorbance changes as a function of time at � � 420 nm
(�), 507 nm (�, A), 504 nm (�, B), and 336 nm (�). (C) Absorption
spectra of soluble TPL in 50 mM potassium phosphate (pH 7.5) at 25°C in
the absence (solid line), and presence of 20 mM S-Me-Cys (dashed line)
and 20 mM S-Me-Cys and 5 mM 4-OH-pyr (dashed/dotted line). No sub-
traction for pyruvate absorbance was carried out because spectra were
recorded immediately upon mixing.
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rylate intermediate is the predominant species, whereas in
solution the predominant species is the quinonoid interme-
diate (Fig. 3C). When 4-OH-pyr, an uncompetitive inhibitor
that in solution stabilizes the aminoacrylate species (Fig.
3C), is concomitantly added with S-Me-Cys to TPL-doped
gels (Fig. 3B), the peak at about 340 nm is higher and the
amount of quinonoid species is lower. The spectrum ob-
tained after subtraction of pyruvate absorption indicates that
4-OH-pyr leads to an increase of the steady-state concen-
tration of the aminoacrylate intermediate (Fig. 3B), as in
solution (Fig. 3C). Similar results were obtained in the re-
action of TPL-doped silica gels with saturating concentra-
tions of the substrate analog 3-F-Tyr in the absence and
presence of 4-OH-pyr (data not shown).

Tryptophan indole-lyase from Proteus vulgaris

The absorption spectrum of Trpase encapsulated in silica
gels and in solution (Fig. 4) exhibits a major band at 422
nm, attributed to the ketoenamine tautomer of the internal
aldimine, and minor bands at about 340 and 490 nm. The
latter absorbing species is attributed to tightly bound ligands
present in cell extracts (Zakormirdina et al. 2002). More-
over, the ratio of absorption intensity at 422 and 340 nm has
been observed to vary as a function of aging for both the
soluble and the encapsulated enzyme. Differently from
TPL, Trpase exhibits a pH-dependent change of absorbance
at 422 and 340 nm. For other PLP-dependent enzymes, such
as aspartate aminotransferase and 1-aminocylopropane-1-
carboxylate synthase, the species favored at high pH is at-
tributed to the deprotonated coenzyme (Eliot and Kirsch
2002). On the contrary, for Trpase, it has been proposed to
be a substituted aldamine (Metzler et al. 1991; Ikushiro et

al. 1998). However, it should be noted that the pH-depen-
dent spectral changes do not show a perfect isosbestic point,
suggesting the possible presence of different equilibria, in-
cluding a pH-dependent distribution of the ketoenamine-
enolimine tautomers. For the Escherichia coli Trpase, the
apparent pKa of the transition was found to be 7.6 (Metzler
et al. 1991; Ikushiro et al. 1998) and was attributed to an
ionizable residue of the protein (Metzler et al. 1991;
Ikushiro et al. 1998). In order to determine whether the
observed differences between soluble and encapsulated P.

Figure 4. Absorption spectrum of the internal aldimine of Trpase-doped
silica gels (solid line) and Trpase in solution (dotted line), 50 mM potas-
sium phosphate (pH 7.0) at 25°C. Spectra were normalized for the absorp-
tion intensity at 280 nm.

Figure 5. Absorption spectra of Trpase-doped silica gels and Trpase in
solution as a function of pH. Enzyme-doped silica gels (A) and the soluble
form (B) were exposed to solutions containing 50 mM potassium phos-
phate in the pH range 6.5–9.3. Absorption spectra at pH 6.5 (solid line), 7.5
(dashed line), 8.5 (dotted line), and 9.3 (dashed/dotted line) are reported.
Insets: (A) Spectral changes at 426 nm as a function of pH were analyzed
according to the equation for a single ionizable residue with pKa of
8.00 ± 0.17. (B) Spectral changes at 420 nm as a function of pH were
analyzed according to the equation for a single ionizable residue with pKa

of 8.18 ± 0.04. Silica gels cannot be exposed to higher pH values because
siloxane bonds hydrolyze (Bettati et al. 2003).

PLP-dependent enzymes in silica gels
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vulgaris enzyme were due to altered pH dependence, a ti-
tration was carried out in both physical states (Fig. 5). The
pH dependence of the enzyme is described by a single pKa

of 8.00 ± 0.17 in silica gels (Fig. 5A, inset) and 8.18 ± 0.04
in solution (Fig. 5B, inset). Such close values do not explain
the difference in the distribution of species absorbing at 422
and 340 nm between enzyme-doped silica gels and solution.
Thus, the increase in the absorption intensity at 422 nm
should be ascribed to a stabilization of the ketoenamine
tautomer in silica gel with respect to solution, an opposite
behavior with respect to that observed for TPL. Stabiliza-
tion of the ketoenamine tautomer of Trpase was also ob-
served in the crystalline enzyme (Isupov et al. 1998). Con-
trol experiments carried out on E. coli Trpase-doped gels
(data not shown) showed a stabilization of the enolimine
tautomer with respect to solution (Metzler et al. 1991;
Ikushiro et al. 1998) and a pH dependence of the internal
aldimine with a pKa of 7.8. The decrease in the absorption
at 422 nm as a function of pH is not associated with any
increase in the absorption at 340 nm, in sharp contrast with
that observed in solution (Metzler et al. 1991; Ikushiro et al.
1998).

The reactivity of P. vulgaris Trpase-doped gels was char-
acterized by investigating the reaction with inhibitors, sub-
strate, and substrate analogs. The reaction of protein silica
gels with oxindolyl-L-Ala (OIA), an enzyme inhibitor, re-
sults in the intense absorption peak of a quinonoid species at
505 nm (Fig. 6). The titration as a function of OIA concen-
tration is well fitted by a binding isotherm with a dissocia-
tion constant of 20.0 ± 0.3 �M (Fig. 6, inset), very close to

the value determined in solution (Table 1). For E. coli
Trpase-doped gels, a dissociation constant of 73 �M was
found (data not shown), about 10-fold higher than that mea-
sured in solution, 2.5–6 �M (Phillips et al. 1984; Kiick and
Phillips 1988).

The reaction of P. vulgaris Trpase-doped silica gels with
the nonphysiological substrate L-serine was investigated in
the absence (Fig. 7A) and presence (Fig. 7B) of benzimid-
azole, an uncompetitive inhibitor that was reported to sta-
bilize the �-aminoacrylate intermediate of E. coli enzyme
(Phillips 1991). An equilibrating mixture of the external
aldimine (�max � 420 nm) and the aminoacrylate interme-
diate (�max � 350 nm) is slowly formed (Fig. 7A,B, inset).
In solution this equilibrium is attained immediately upon
mixing (Fig. 7C). As observed for TPL, the slow attainment
of equilibrium conditions might be due to the constraining
effect of the gel matrix on protein dynamics as well as to
slow ligand diffusion within the gel. The reaction leads also
to the formation of pyruvate, as indicated by the linear
increase of the absorbance at 340 nm (Fig. 7A,B, inset).
Upon the subtraction of the contribution of pyruvate absor-
bance to the spectra of enzyme-doped gels (Fig. 7B), it is
evident that the amount of the aminoacrylate does not ap-
preciably increase in the presence of benzimidazole, a be-
havior that parallels the reactivity of P. vulgaris Trpase in
solution (Fig. 7C), where benzimidazole only slightly in-
creases the amount of aminoacrylate. In the gel, as in solu-
tion (Phillips 1991), benzimidazole affects the distribution
of intermediates for the E. coli enzyme (data not shown).
This finding indicates that there are subtle differences in the
active-site geometry between E. coli and P. vulgaris Trpase.

Trpase-doped silica gels were also reacted with the natu-
ral substrate L-tryptophan. In the absence of benzimidazole,
the amount of aminoacrylate in the gel (Fig. 8A) is slightly
higher that in solution. (Fig. 8C). Similarly to the reaction
with L-serine, results indicate that benzimidazole does not
stabilize the aminoacrylate Schiff base (Fig. 8B), as ob-
served for the soluble enzyme (Fig. 8C). This finding is,
again, in contrast with the reactivity of the E. coli enzyme,
in which binding of benzimidazole increases the amount of
aminoacrylate in solution (Phillips 1991). The inability of
benzimidazole to stabilize the aminoacrylate was also pre-
viously observed in the reaction of P. vulgaris Trpase crys-
tals with L-tryptophan and, on the basis of the comparison
with the reactivity of E. coli enzyme, erroneously attributed
to lattice constraints (Phillips et al. 2002).

TPL and Trpase activity assays in solution
and in silica gel microsuspensions

The specific activity of encapsulated TPL and Trpase was
determined on microsuspensions of enzyme-doped silica
gels. Micrometer-size gels were obtained by a sonication
procedure that does not affect enzyme activity. The size of

Figure 6. Absorption spectra of Trpase-doped gels as a function of in-
creasing concentrations of OIA. The titration was carried out in a solution
containing 50 mM potassium phosphate (pH 7.5) at 25°C. (Inset) The
absorbance change at � � 505 nm as a function of OIA concentration was
fitted to a binding isotherm (solid line).
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the gel micro-fragments, about 2–4 �m, is such that the
diffusion of substrates and products through the gel matrix
is not rate-limiting the enzyme kinetics. In fact, the dc, that
is, the fragment critical thickness over which rates are dif-
fusion-controlled, was determined for each catalyzed reac-
tion according to the equation (Ahmed et al. 1987)

dc = [(Km + �S0��D��kcat�E��1�2 (1)

where kcat and Km are the catalytic parameters obtained in
solution for C. freundii TPL (Sundararaju et al. 1997) and P.
vulgaris Trpase (Zakormirdina et al. 2002), E is the enzyme
concentration expressed in mM, S0 is the substrate concen-
tration expressed in mM, and D� is the diffusion coefficient
of the substrate inside the gel, calculated from the equation

D��D = 1 − �a2�r� (2)

where a is the average molecular radius (4 Å for molecules
with molecular weights in the range 200–350 daltons), D
(∼ 6×10−6 cm2/sec) is the diffusion constant in water for
substances with this range of molecular weights, and r is the
average pore radius of the gel, 40–50 Å. The calculated
values of dc, reported in Table 2, are significantly higher
than the average gel thickness of 4 �m, indicating that
diffusion of substrates within the gel microsuspensions can-
not limit reaction rates. These values are obtained assuming
that the negatively charged interior of the gel matrix does
not affect the partitioning of the substrate between the so-
lution phase and the gel matrix (Shen and Kostic 1997). At
the pH of the assay, TPL and Trpase substrates exhibit only
a moderately negative charge, and thus the effect, if any, is
small.

The �-elimination activity for both enzymes was assayed
using either the chromophoric substrate analog SOPC or
S-Me-Cys. For the former substrate, the decrease of the
concentration was directly monitored, whereas for the latter
the formation of the final product pyruvate was monitored
via the coupled lactate dehydrogenase assay. In both cases,
the reaction was initiated by the addition of a small aliquot

Table 2. Catalytic parameters of �-� elimination reactions
catalyzed by Citrobacter freundii TPL and Proteus vulgaris
Trpase, and critical thickness dc calculated according to Eq. 1

Substrate

TPLa Trpaseb

SOPC S-Me-Cys SOPC S-Me-Cys

kcat (sec−1) 9.7 0.9 33.4 4.1
Km (mM) 0.27 3.2 0.18 16
dc (�M) 27 548 13.8 480

aSundararaju et al. 1997.
bZakormirdina et al. 2002.

Figure 7. Reactivity of Trpase-doped silica gels and Trpase in solution
with L-serine. Absorption spectra of Trpase-doped gels were recorded in a
solution containing 50 mM potassium phosphate (pH 7.5) at 25°C, (A) in
the absence (solid line) and presence of 0.5 M L-serine after 120 min of
reaction (dashed line), and after subtraction of pyruvate absorbance (dotted
line), (B) in the absence (solid line) and presence of 0.5 M L-serine and 5
mM benzimidazole, after 120 min of reaction (dashed line), and after
subtraction of pyruvate absorbance (dotted line). Pyruvate concentration
was evaluated by a coupled lactate dehydrogenase assay (see Materials and
Methods). (Inset) Absorbance changes at 423 nm (�) and 340 nm (�) as
a function of time. (C) Absorption spectra of Trpase in a solution contain-
ing 50 mM potassium phosphate (pH 7.5) at 25°C in the absence (solid
line) and presence of 0.5 M L-serine (dashed line) and 0.5 M L-serine and
5 mM benzimidazole (dashed/dotted line). Spectra were corrected for the
contribution of pyruvate absorption.

PLP-dependent enzymes in silica gels
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of the enzyme-doped gel microsuspensions to the assay
mixture under continuous stirring. The specific activity of

TPL gel microsuspensions was eightfold less than in solu-
tion for the reaction with SOPC, whereas no detectable
activity was found for the slower reaction with S-Me-Cys
(Table 3). The specific activity of Trpase gel microsuspen-
sions was about eight- and sixfold lower than in solution
for the reaction with SOPC and S-Me-Cys, respectively
(Table 3).

Discussion

Silica gel-encapsulated proteins generally maintain biologi-
cal activity (Ellerby et al. 1992) and exhibit an increased
stability (Eggers and Valentine 2001; Bettati et al. 2003).
Therefore, the entrapment of enzymes appears to be a par-
ticularly promising method for the development of robust
and efficient bioreactors and biosensors (Gill and Balle-
steros 1998; Mozzarelli and Bettati 2001; Jin and Brennan
2002; Bettati et al. 2003). TPL and Trpase encapsulated in
silica gels are able to catalyze the �-�-elimination reaction
via the sequential formation of the external aldimine, the
quinonoid, and the aminoacrylate catalytic intermediates.
Furthermore, the accumulation of pyruvate in the reaction
mixture indicates that aminoacrylate-coenzyme complexes
undergo a water-assisted hydrolysis, as in solution. There-
fore, TPL- and Trpase-doped gels are catalytically compe-
tent, although with a six- to eightfold decrease of the cata-
lytic activity. Catalytic competence was also observed in a
preliminary investigation of the reactivity of the PLP-de-
pendent enzymes tryptophan synthase and O-acetylserine
sulfhydrylase encapsulated in silica gels (Mozzarelli et al.
2000), with similar reductions of catalytic rates (B. Pioselli,
S. Bettati, and A. Mozzarelli, unpubl.). Enzyme activities
lower than in solution have frequently been reported for
gel-encapsulated proteins (Jin and Brennan 2002; Besanger
et al. 2003). However, in most cases this finding can be
explained by catalytic rates limited by substrate diffusion
within gels of uncontrolled thickness. In our case, the re-
duction of activity seems to be predominantly ascribed to
the decrease of the rate of conformational changes that ac-

Figure 8. Reactivity of Trpase-doped gels and Trpase in solution with
L-tryptophan. Absorption spectra of Trpase-doped gels were recorded in a
solution containing 50 mM potassium phosphate (pH 7.5) at 25°C, (A) in
the absence (solid line) and presence of 10 mM L-tryptophan after 120 min
of reaction (dashed line), and after subtraction of pyruvate absorbance
(dotted line), (B) in the absence (solid line) and presence of 10 mM L-
tryptophan and 5 mM benzimidazole, after 120 min of reaction (dashed
line), and after subtraction of pyruvate absorbance (dotted line). Pyruvate
concentration was evaluated by a coupled lactate dehydrogenase assay (see
Materials and Methods). Insets: (A) Absorbance changes at 506 nm (�)
and 422 nm (�) as a function of time; (B) absorption changes at 505 nm
(�) and 421 nm (�) as a function of time. (C) Absorption spectra of Trpase
in a solution containing 50 mM potassium phosphate (pH 7.5) at 25°C in
the absence (solid line), and presence of 10 mM L-tryptophan (dashed line)
and 10 mM L-tryptophan and 5 mM benzimidazole (dashed/dotted line).
Spectra were corrected for the contribution of pyruvate absorption.
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company the catalytic cycle, because the size of the gel
particles was such that diffusion of substrates could not be
rate-limiting the enzyme kinetics. Altered substrate parti-
tioning within the gel matrix with respect to solution might
affect the activity (Shen and Kostic 1997). In the experi-
mental conditions of these enzyme assays, substrate parti-
tioning is unlikely to play a major role, being substrates
present at saturating concentration and only slightly nega-
tively charged. An alternative explanation of the decreased
activity, based on partial protein denaturation upon encap-
sulation, is also not supported by spectra of the native spe-
cies. It is known that denaturation of PLP-enzymes leads to
the release of the coenzyme, causing a significant decrease
of the absorption intensity at 420 nm with a concomitant
increase at 388 nm (Mozzarelli et al. 2000). We observed
that the absorption ratios at 280 and (420 + 340) nm (we
chose the sum of 420 and 340 nm absorption because of the
alteration of tautomer equilibrium) for the native enzymes
are very similar in solution and in silica gel, 6.16 and 6.11
for TPL and 5.6 and 5.37 for Trpase, respectively. There-
fore, no significant protein denaturation has taken place
upon encapsulation.

Previous studies on myoglobin and hemoglobin have
clearly demonstrated that protein encapsulation influences
the rates of conformational transitions (Bettati and Mozza-
relli 1997; Das et al. 1998; Juszczak and Friedman 1999;
Shibayama and Saigo 1999), allowing trapping of otherwise
unstable conformational states (Juszczak and Friedman
1999; Khan et al. 2000; Bruno et al. 2001; Shibayama and
Saigo 2001, 2003). The effect of encapsulation on local and
global protein dynamics is strongly dependent on individual
protein properties and protocols of encapsulation (Dave et
al. 1995, 1997; Jordan et al. 1995; Gottfried et al. 1999;
Hartnett et al. 1999; Chirico et al. 2002; Gonnelli and
Strambini 2003). Furthermore, the increased stability gen-
erally observed for encapsulated proteins can be explained
either by limitations imposed by the gel network to a vol-
ume expansion (confinement effect; Zhou and Dill 2001)
crossing the transition state towards denaturation and/or
upon denaturation, or by stabilization of the native molecule
by favorable interactions with the negatively charged pore
surface of the matrix (Bettati et al. 2003). Recent compu-
tational studies demonstrated that caging helps protein fold-
ing (Klimov et al. 2002; Takagi et al. 2003; Thirumalai et al.

2003). The same mechanisms can operate for a catalytic
process involving distinct conformational changes. Native
PLP-dependent enzymes exist in two tautomeric forms, the
enolimine and the ketoenamine, favored by an apolar and
polar active site environment, respectively (Faeder and
Hammes 1971). Furthermore, many PLP-dependent en-
zymes undergo an open to closed transition upon substrate
binding that involves a reorientation of the two domains
composing each subunit. These conformational events are
crucial for the attainment of an efficient catalysis by PLP-
enzymes (Schirch et al. 1991; McPhalen et al. 1992;
Schneider et al. 1998; Burkhard et al. 1999). In the case of
aspartate aminotransferase, it was demonstrated that crys-
tallization-induced stabilization of the closed form of the
enzyme increased by 5.8 kcal/mole the substrate affinity,
because binding does not need to pay the energetic cost of
the domain closure (Malashkevich et al. 1993). In the case
of O-acetylserine sulfhydrylase, enzyme crystals with simi-
lar lattices exhibited striking differences in substrate reac-
tivity, ranging from being completely inactive to fully ac-
tive or undergoing crystal shattering due to subtle con-
straints imposed on the open-closed transition (Mozzarelli
et al. 1998). We have found that encapsulation stabilizes in
the opposite way the enolimine and the ketoenamine tau-
tomers of TPL and Trpase with respect to solution, the
enolimine being stabilized in TPL and the ketoenamine in
Trpase. This finding is somewhat surprising, given the close
similarity of the two enzymes, and emphasizes the relevance
of subtle structural differences, for example, surface charge
and amino acid distribution. Furthermore, we observed al-
terations of ligand binding affinities and equilibrium distri-
bution of intermediates in silica gels with respect to solution
only for TPL. These effects likely depend on changes of the
relative rates of catalytic steps requiring conformational
modifications, partially restrained by the silica matrix, as
suggested by the decrease in the rate of quinonoid forma-
tion. The increased amount of the aminoacrylate species in
the gel with respect to solution in the reaction of TPL with
S-Me-Cys suggests a partial stabilization of the closed form
of the enzyme. This conclusion is in agreement with the
apolar enolimine tautomer of the internal aldimine of TPL
being more favored in silica gels than in solution. Different
results were observed for P. vulgaris Trpase-doped gels. In
fact, (1) the ketoenamine was found to be more favored in

Table 3. Specific activities for �-�-elimination reaction catalyzed by TPL and Trpase
encapsulated in silica gels and in solution

Substrate
Soluble TPL

(u/mg)

TPL-doped gel
micro-suspension

(u/mg)
Soluble Trpase

(u/mg)

Trpase-doped gel
micro-suspension

(u/mg)

SOPC 4.1 ± 0.1 0.49 ± 0.07 15.2 ± 0.5 1.8 ± 0.2
S-Me-Cys 0.21 ± 0.01 close to 0 3.7 ± 0.5 0.62 ± 0.10
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the gel than in solution; (2) the dissociation constant for
OIA was close to that determined in solution; (3) no sig-
nificant differences in intermediates distribution was ob-
served in the reaction with L-serine and L-tryptophan in the
gel with respect to solution; and (4) the presence of benz-
imidazole did not stabilize the aminoacrylate in the gel as in
solution. It appears that Trpase encapsulation only slightly
affects the tautomeric equilibrium of the internal aldimine,
without any influence on steady-state distribution of inter-
mediates, a result that might be due to the absence of any
preferential stabilization by the silica matrix of the open
with respect to the closed conformation and any restriction
to the rate of the transition between open and closed con-
formations. However, the different reactivity of the P. vul-
garis and E. coli enzymes in both solution and the gel is
remarkable. This finding requires further investigation to
be fully understood. The observed stabilization of the
enolimine tautomer in the internal aldimine of E. coli Trpase
gels and the absence of an absorption increase at 340 nm as
a function of pH are in agreement with the attribution of the
absorbing species accumulating at high pH in solution to a
derivative different from the enolimine, likely the substi-
tuted aldamine (Ikushiro et al. 1998).

It would be of interest to modify the gelification protocol
in order to pursue the attainment of full enzyme activity, by
modulating (1) the pore size, because confinement length is
expected to affect protein dynamics (Klimov et al. 2002),
and (2) the gel matrix chemical properties. This goal was
achieved in the case of lipase by using apolar silica precur-
sors that make the environment of the gel matrix more hy-
drophobic, thus favoring the closure of the active site lid, a
key requirement in this enzyme for an efficient catalysis. As
a result, the encapsulated lipase exhibited a 1300-fold in-
crease in activity with respect to the soluble form (Reetz and
Jaeger 1998). For TPL and Trpase, a qualitatively similar
result might be obtained by encapsulating the enzyme under
conditions that favor the closed form, that is, in the presence
of substrate or substrate analogs.

Materials and methods

Reagents

L-serine (Fluka), benzimidazole (Merck), L-tryptophan, S-methyl-
L-cysteine (S-Me-Cys), pyridoxal 5�-phosphate (PLP; Sigma),
NADH, lactate dehydrogenase (Boehringer), and 4-hydroxy-pyri-
dine (4-OH-pyr; Aldrich) were used without further purification.
S-(o-nitrophenyl)-L-cysteine (SOPC) was prepared as described
(Phillips 1987). Oxindolyl-L-alanine (OIA) was prepared by oxi-
dation of L-Trp as described (Phillips et al. 1984). 3-fluoro-L-
tyrosine was prepared from 2-fluorophenol and ammonium pyru-
vate using TPL (von Tersch et al. 1996).

Enzymes

Wild-type TPL from Citrobacter freundii and wild-type Trpase
from Proteus vulgaris were expressed and purified as described
(Chen et al. 1995b; Zakormirdina et al. 2002).

Protein encapsulation

TPL and TRPase were encapsulated in TMOS-derived wet silica
gels. The sol-gel samples were prepared by mixing in a 0.5 : 0.5 : 1
ratio a sol derived from the acid-catalyzed hydrolysis of TMOS, 50
mM potassium phosphate buffer (pH 8.0), and a solution contain-
ing 20 mg/mL enzyme, 50 mM potassium phosphate buffer (pH
8.0), at 4°C. The mixture was quickly layered on a quartz slide,
obtaining a thin gel film within a few minutes, at 4°C. The gels
were stored in 50 mM potassium phosphate, 50 �M PLP (pH 7.0),
at 4°C.

Spectrophotometric measurements on
enzyme-doped gels

Enzyme-doped gels were placed in a cuvette containing 50 mM
potassium phosphate buffer (pH 7.0). Absorption spectra were
recorded with a CARY400 spectrophotometer. The absorption
spectrum of a protein-free gel was subtracted to reduce the influ-
ence of light scattering originated from the nonperfect optical qual-
ity of the gel surface. This subtraction may introduce some spectral
distortion, especially at low wavelengths (300–350 nm). More-
over, aging of PLP-dependent enzymes leads to an increase in the
absorption intensity at 310–330 nm, introducing variability in the
spectral properties of the internal aldimine species (Mozzarelli
1989). Titrations of TPL and Trpase gels were carried out by
exposing silica gels to solutions containing increasing concentra-
tions of inhibitors. Titration data were analyzed according to a
binding isotherm using the software SigmaPlot 2000 (SPSS Sci-
ence).

Activity assays

The enzyme activity of TPL and TRPase in solution and encap-
sulated in silica gels was assayed using either SOPC (Suelter et al.
1976) or S-Me-Cys (Watanabe and Snell 1977) as substrate ana-
logs. The reaction of the chromophoric SOPC, carried out in a
solution containing 0.6 mM SOPC, 50 mM potassium phosphate,
50 �M PLP (pH 8.0), at 25°C, was followed by recording the
decrease in absorbance at 370 nm (�� � −1.86*103 M−1 cm−1) as
a function of time. The reaction of S-Me-Cys, carried out in a
solution containing 50 mM potassium phosphate, 50 �M PLP,
0.2 mM NADH, 0.02 mg lactate dehydrogenase, and 30 mM or
100 mM S-Me-Cys for TPL and Trpase, respectively, (pH 8.0) at
25°C, was followed by the coupled assay with lactate dehydroge-
nase and NADH, recording the absorbance decrease at 340 nm
(�� � −6.22*103 M−1 cm1). To avoid rate-limiting effects of sub-
strate diffusion, enzyme-doped gels were sonicated at low power
to obtain a micron-size gel particles suspension. Optical inspection
indicated that the average dimension of gels was less than 2–4 �m.
Sonication does not affect enzyme activity, as verified by applying
the same protocol to the soluble enzymes.
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