
Journal of Molecular Catalysis B: Enzymatic 31 (2004) 47–52

Functional properties and application in peptide synthesis of trypsin
modified with cyclodextrin-containing dicarboxylic acids
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Bovine pancreatic trypsin was chemically modified with several�-cyclodextrin (CD) derivatives containing adipic, pimelic and do
anodioic acids using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC) as coupling agent. The modifying agents used we
-(4-carboxybutane-1-carboxamidoyl)-6-deoxy-�-cyclodextrin, mono-6-(5-carboxypentane-1-carboxamidoyl)-6-deoxy-�-cyclodextrin and
ono-6-(10-carboxydecane-1-carboxamidoyl)-�-cyclodextrin. The modified enzymes contained about 6 mol of oligosaccharide per

rypsin. The catalytic and stability properties of trypsin were improved after the chemical modification. The thermostability profile
odified trypsins was increased by about 10–14◦C. The conjugates were also more stable against thermal incubation at different temp

anging from 45 to 60◦C. In comparison with native trypsin, the cyclodextrin–enzyme conjugates were markedly more resistant to
egradation at pH 9.0. Furthermore, the CD–trypsin conjugates gave higher aminolysis rates in kinetically controlled peptide sy
ctions. The results reported here suggest that conjugation of enzymes with�-cyclodextrin derivatives is a useful method for improving
tability and the catalytic properties of these biocatalysts.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Proteases are hydrolytic enzymes able of cleaving peptide
onds between the amino acid residues of peptides and pro-

eins [1]. There are well-characterized proteases with high
leavage specificities that have a great importance in life sci-
nce and biotechnology[2]. In the last decades, such enzymes
ave been widely used as biocatalysts for peptide synthesis
ecause they are able to catalyze the reverse reaction of pep-

ide bond formation in high ionic strength media and low
ater-containing systems[2]. In comparison with chemical
ethods, biocatalytic approaches are more suitable because

he production of racemic mixtures is reduced giving higher
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yields of enantio-pure products[3]. However, the use of pro
teases as catalysts in condensation reactions shows s
drawbacks such as partial product hydrolysis and low
zymatic activities at high temperatures. Moreover, org
solvents are often required as reaction media for hydro
bic reactants[3]. To overcome these operational limitatio
different strategies for improving the catalytic and stab
behaviors of native enzymes have been developed. The
common methods for protease stabilization are site-dire
mutagenesis[4], chemical modification with low molecul
weight compounds[5] and polymeric molecules[6,7], immo-
bilization in solid supports[8] and the use of polysacchari
additives as stabilizing agents[9,10].

Trypsin is a well-studied serine-protease involved in
digestion processes of mammals that cleaves specific
tide bonds having a lysine or arginine residue[1]. This pro-
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tein has been used as biocatalyst mainly in dipeptide syn-
thesis using arginine or lysine esters as acyl donors and
different amino acids as nucleophilic agents[2]. In order
to improve trypsin functional properties in different me-
dia and conditions it has been previously modified with
low molecular weight compounds such as ethyleneglycol
bis(succinic acidN-hydroxysuccinimide)-ester[5], polymers
such as polyethylenglycol[11], poly(N-vinylpyrrolidone)
[12], carboxymethylcellulose[13] and oligosaccharides such
as amine and aldehyde derivatives of cyclodextrins (CDs)
[14-17].

Cyclodextrins are a familly of cyclic non-reducing
oligomers composed of 6, 7 or 8 -(1→4)-linked d-
glucopyranose units in the4C1 chair conformation, which
are named�-, �- and�-cyclodextrin, respectively[18]. The
structure of these remarkable molecular receptors resembles
a truncated annular cone with a central cavity. The cavity is
hydrophobic in nature and has the appropriate size to include
a wide variety of lipophilic guests[19]. The formation of
such adducts has been extensively studied in recent years due
to their potential applications in pharmaceuticals, catalysis,
chromatography, enzyme mimicking, design of supramolec-
ular architectures, etc.[20]. Cyclodextrins can be chemically
modified to generate a variety of more reactive derivatives,
including amines, thiols, aldehydes, carboxylates, etc.[21].
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tion and the solution was stirred at room temperature. Af-
ter 24 h, the insoluble precipitate of dicyclohexylurea was
filtered off and the remaining solution was precipitated by
addition over acetone (300 mL), washed several times with
acetone and dried under high vacuum to give the target prod-
ucts in 60–70% yield. The products were fully characterized
by conventional NMR techniques and MALDI-MS.

2.3. Preparation of trypsin–CD conjugates

Thirty milligrams of EDAC were added to reaction mix-
tures containing 20 mg of trypsin dissolved in 10 ml of 50 mM
potassium phosphate buffer, pH 6.0, and 100 mg of each CD
derivatives. The solutions were stirred for 1 h at room temper-
ature and for 16 h at 4◦C, and further applied to a gel filtration
column Fractogel EMD BioSEC (S) (2.6× 60 cm) (104– 4
× 106, fractionation range), equilibrated in the same buffer
containing 100 mM of NaCl. The active fractions containing
carbohydrates were pooled and kept at 4◦C.

2.4. Assays

Esterolytic activity of native and modified trypsins was
determined at 25◦C in 67 mM Tris–HCl buffer, pH 8.0 using
BAEE as substrate[23]. One unit of esterolytic activity is
d
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In this work we chemically modified the lysine residue
ovine pancreatic trypsin with three CD derivatives bea
carboxylic group connected through spacers of diffe

ength. We report the influence of the spacer length on
mproved kinetic and stability properties of the trypsin–
onjugates as well as in their higher efficiencies for dipep
ynthesis in comparison with the native enzyme.

. Material and methods

.1. Materials

Bovine pancreatic trypsin, Fractogel EMD BioSEC (
-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydroch
ide (EDAC) and N-�-benzoyl-l-arginine ethyl ester h
rochloride (BAEE) were obtained from Merck (Darmsta
ermany). CDs were purchased from Amaizo (USA)
sed as received. CM-Sephadex C-25 was purchased
harmacia Biotech (Uppsala, Sweden). All other chem
ere of analytical grade.

.2. Synthesis of carboxylic CD derivatives

Succinyl (CD1), heptanodioyl (CD2) and dodecanod
CD3) CD derivatives were synthesized as follows: d
lohexylcarbodiimide (6.2 g, 30 mmol) was added to a
olution of the appropriated dicarboxylic acid (20 mmol
ry N,N′-dimethylformamide (25 mL), and the solution w
tirred at 5◦C for 30 min. To this solution, mono-6-amin
-deoxy-�-CD (2.3 g, 2 mmol)[22] was added in one po
efined as the amount of enzyme that hydrolyses 1.0�mol of
AEE per min at 25◦C. Total carbohydrates were determin
y the phenol-sulfuric acid method[24] using glucose a
tandard. Protein concentration was estimated as des
y Lowry et al.[25] using bovine serum albumin as stand

.5. Temperature optimum

The enzyme activities of native and CD-modified tryp
reparations were measured at different temperatures

ng from 30 to 80◦C. The corresponding values of optim
emperature were calculated from Arrhenius plots.

.6. Thermostability

Native and modified trypsin preparations were incub
t different temperatures in 20 mM sodium acetate buffe
.0, in order to minimize autolysis. Aliquots were removed

er 10 min incubation, diluted in cold 0.1 M Tris–HCl buff
H 8.0, and assayed for esterolytic activity.

.7. Thermal inactivation

Native and modified trypsin preparations were incub
t different temperatures ranging from 45 to 70◦C in 50 mM
odium acetate buffer, pH 5.0, in order to minimize autoly
liquots were removed at scheduled times, chilled quic
nd assayed for enzymatic activity. The first-order rate
tants of inactivation, ki, were obtained from linear regres

n logarithmic coordinates.
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2.8. Autolysis

Native and modified trypsin forms were incubated at 35◦C
in 50 mM Tris–HCl buffer, pH 9.0. Aliquots were removed
at different times, diluted in 0.1 M sodium acetate buffer, pH
5.0, and further assayed for esterolytic activity.

2.9. Dipeptide synthesis

Native and modified trypsins were evaluated as biocata-
lysts in dipeptide synthesis by adding 0.05 mg of each enzyme
adduct to different reaction mixtures containing 100 mM
BAEE and 200 mM phenylalaninamide in 1 mL 250 mM bo-
rate buffer pH 9.0. The reactions were continuously stirred
at 10◦C and the dipeptide formation was followed by sched-
uled sampling each 30 min during 5 h. Reaction samples were
diluted in methanol and 10�L were taken and analyzed by
HPLC using a Beckmann Coulter System Gold apparatus
and Nucleosil 105 C18 column with 0.4 mL/min flow rate,
detection at 225 nm and mobile phase 50:50 (v/v) aqueous
methanol with 0.05% aqueous trifluoroacetic acid (50/50 by
volume). Both substrates and products were identified and
quantified by comparison with standards of each.
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Fig. 1. Optimum temperature profile for BAEE esterolysis of native (©)
and modified trypsin with CD1 (�), CD2 (�) and CD3 (�) derivatives.

activities of the CD-modified trypsins were 2-, 1.3- and
1.4-fold higher and the catalytic efficiencies were 245, 185
and 185% higher for the proteins modified with CD1, CD2
and CD3, respectively (Table 1).

Fig. 1depicts the optimum temperature for BAEE esterol-
ysis of native trypsin and their conjugates. As can be seen,
the trypsin–CD1 conjugate having the shortest spacer showed
the highest optimum temperature increment of about 15◦C,
while those conjugates having CD2 and CD3 gave 10◦C in-
crements in comparison with native trypsin.

3.2. Stability properties of native and modified trypsins

CD-modified trypsins were more resistant toward ther-
mal inactivation at different temperatures, ranging from 30
to 70◦C, as shown inFig. 2. TheT50 (temperature at which the
trypsin preparations retain 50% of their initial activity after
10 min incubation) was increased after the chemical modi-
fication from 50 to 61–63◦C, approximately. Additionally,
thermal inactivation kinetics of native and modified enzymes
were followed at 45, 50, 55 and 60◦C andt1/2 of inactiva-
tion (time at which the enzymatic preparations retain 50% of
their initial activity) are reported inTable 2. All enzymatic

F h
C

. Results

.1. Structural and catalytic properties of native and
odified trypsins

The reactions of mono-6-amino-6-deoxy-�-CD with
n excess of succinic, heptanodioic and dodecano
cids yielded three carboxylic monofunctionalizated
erivatives in good yields (Scheme 1). The obtaine
erivatives mono-6-(4-carboxybutane-1-carboxamidoy
eoxy-�-cyclodextrin (CD1), mono-6-(5-carboxypentane
arboxamidoyl)-6-deoxy-�-cyclodextrin (CD2) and mono
-(10-carboxydecane-1-carboxamidoyl)-�-cyclodextrin
CD3) were covalently attached to bovine pancreatic try
sing EDAC as coupling agent. The trypsin–CD conjug
ontained 6 mol of oligosaccharide per mol of pro
Table 1). As a result of the modification, the kine
arameters for BAEE esterolysis at pH 8.0 and 30◦C were

mproved. In comparison with native enzyme, the spe

Scheme 1. Structure of the�-CD derivatives.

ig. 2. Thermal stability profile of native (©) and modified trypsin wit
D1 (�), CD2 (�) and CD3 (�) derivatives.
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Table 1
Structural and catalytic properties of trypsins modified by CD derivatives

Enzyme CD content (mol/mol protein) Specific activity (U/mg) Km (�M) kcat (s−1) kcat/Km (M−1 s−1)

Native – 36 38.7 12.4 3.3× 10−5

Trypsin–CD1 6 70.0 29.6 24.1 8.1× 10−5

Trypsin–CD2 6 51.3 28.6 17.7 6.1× 10−5

Trypsin–CD3 6 57.8 31.8 19.9 6.2× 10−5

Table 2
Half-life times of native and CD-modified trypsins at different temperatures

Enzyme Half-life (min)

45◦C 50◦C 55◦C 60◦C

Native 117± 6 17± 1 8.3± 0.1 2.3± 0.2
Trypsin 2264± 40 187± 2 125± 3 59.3± 0.9
Trypsin 890± 30 76± 1 42.2± 0.6 37.6± 0.8
Trypsin 417± 10 104± 6 53.4± 0.8 40.8± 0.7

preparations had first-order kinetic behaviors, but the inac-
tivation rates for the conjugates were lower in comparison
with the native trypsin. Remarkably, thet1/2 of inactivation
at 45 and 60◦C for trypsin–CD1 were about 19- and 25-fold
longer than those of native trypsin. At the same time, CD2-
and CD3-modified enzymes showed values about 8- and 15-
fold longer at 45◦C and 16- and 18-fold longer at 60◦C than
the native trypsin, respectively.

Furthermore, autolytic inactivation kinetics of the native
and modified trypsins were followed during 3 h (Fig. 3). The
values oft1/2 of the modified proteases were markedly higher
in comparison with the native enzyme. The highest incre-
ment, 80-fold higher in comparison with native trypsin, was
achieved for the trypsin–CD3 conjugate, while the enzymatic
conjugates having CD2 and CD3 showed values about 10-
and 18-fold higher, respectively.

3.3. Dipeptide synthesis

Comparative dipeptide synthesis experiments were devel-
oped in kinetic-controlled systems using native and modi-

F n
w

Fig. 4. Dipeptide conversion ratios for native (�) and modified trypsin with
CD1 (�), CD2 ( ) and CD3 ( ) derivatives.

fied trypsin as biocatalysts. Benzoyl-arginine-ethyl-ester and
phenylalaninamide were used as acyl donor and nucleophylic
agent, respectively, for the synthesis of benzoyl-arginine-
phenylalaninamide (BAPheNH) dipeptide in borate buffer
pH 9.0 at 10◦C (Fig. 4). The conjugates were more efficient
biocatalysts as evidenced by the fact that the reactions cat-
alyzed by 0.05 mg of conjugate reached the maximum yields
at lower reaction times than the reaction with 0.05 mg of na-
tive trypsin. Consequently, higher dipeptide concentrations
in the reactions catalyzed by the modified enzymes were
achieved faster in comparison to the reaction with the native
trypsin. After 2 h, the conjugate-catalyzed reactions showed
maximum conversions of about 70%. In contrast, the native
trypsin-catalyzed reaction reached only 50% conversion af-
ter 2 h and a maximum conversion ratio of about 72% was
achieved only after 3 h of reaction time.

4. Discussion

The reactions of trypsin with carboxylic CD derivatives
modified 6 out of the 15 lysine residues present in the trypsin
primary structure, including theN-terminal residue. This cor-
responds to a 30% of carbohydrate per weight of modified
protein. The mass ratio is higher in comparison with pre-
v ified
t ylic
a riva-
t d-
a xylic
g wer
ig. 3. Kinetics of autolytic degradation for native (©) and modified trypsi
ith CD1 (�), CD2 (�) and CD3 (�) derivatives.
ious results of about 15 and 20% per weight of mod
rypsin achieved for the modifications of trypsin carbox
nd amino residues with amino- and aldehyde–CD de

ives, respectively[14–17]. This result is clearly understan
ble taking into account that the amount of reactive carbo
roups in aspartic and glutamic residues of trypsin is lo
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than the amount of reactive lysins. On the other hand, the
spacer arm lengths of the CD derivatives used in this work
are much larger (n = 6–12) than that of the aldehyde–CD
(n = 1) previously used for modification of lysine residues
[17]. No difference in reactivity with trypsin, using EDAC
as coupling agent, was observed for the three carboxylic–CD
derivatives used here, probably because some lysine residues
are not exposed enough on the trypsin surface for the chemi-
cal reaction with the bulky oligosaccharides even having long
spacer arms. Therefore, the 40% of modified lysines obtained
here is 2-fold lower in comparison with the 85% reported by
Murphy [3] for the modification of trypsin with bis(succinic
acidN-hydroxysuccinimide)-ester, as expected considering
the higher bulkiness of the CD moieties.

The catalytic efficiency of the modified trypsins, although
up to 2-fold higher than the native trypsin, confirmed that
modification of lysine residues provokes no decrease in
trypsin esterase activity, as was reported by Labouesse[26].
The specific activity of 70 U/mg obtained for trypsin–CD1 is
the highest achieved by us for trypsin forms modified with
CD derivatives[14-17]. On the other hand, theKm values of
CD-modified trypsins increased 1.2-fold. Taking into account
the aromatic nature of the benzoyl residue of BAEE, the in-
crement in trypsin–CD kinetic parameters could be caused
by the formation of inclusion complexes between the sub-
s ould
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ifying lysine residues involved in trypsin autolysis reduces the
protein hydrolysis rates[3]. Since the CD-modified trypsins
have 40% of modified lysine residues, a higher autolysis re-
sistance was expected with respect to the native enzyme.
On the other hand, the conjugate having the longest spacer
(trypsin–CD3) showed the lower autolysis rate. This could
be provoked by the partial burying of the unmodified lysine
and arginine residues by the bulky moieties attached to the
protein surface. These facts agree well with previous results
in which the covalent attachment of carbohydrate moieties to
trypsin increased the resistance toward autolytic degradation
[13–17].

As pointed out previously, trypsin has been used in
the synthesis of arginine and lysine-containing dipeptides.
Therefore, it was interesting to test the effectiveness of the
prepared conjugates in such reactions, also considering that
they show improved functional properties. Since we suppose
that non-polar supramolecular interactions could play a main
role in the performance of the modified trypsins, we avoided
to use low water-containing systems in these assays that
may disrupt CD host-guest complexes. Therefore, dipeptide
synthesis was carried out in high ionic strength aqueous
media, following the protocol reported by Riechmann[29].
The reactions of BAEE with phenylalaninamide catalyzed
by modified and native trypsins were followed until the
h mum
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trate and the CD cavity attached to the protein that c
ause an increase of the substrate concentration in th
yme microenvironment. At the same time, the 10–15◦C in-
rease in optimum temperatures for BAEE esterolysis is
emarkable. We have previously associated this active
tabilization with a reduction of trypsin side chain mobi
aused by the attached CDs that may interact with the pr
urface via hydrogen bonding or by forming supramole
ar inclusion complexes with the hydrophobic side ch
f trypsin [14–17]. These intramolecular interactions co
roduce non-covalent multipoint crosslinks between the
ohydrate moieties and the protein surface that reduce
egrees of freedom of trypsin tertiary structure and keep
nzyme active at higher temperatures.

The trypsin–CD conjugates retained in a larger de
heir initial activity, in comparison with the native e
yme, during thermal inactivation experiments at tem
tures ranging from 35 to 70◦C. TheT50 value of 64◦C
btained for trypsin–CD1 is 5◦C higher than the valu
eported by Murphy for ethyleneglycol bis(succinic a
-hydroxysuccinimide)-ester modified trypsin[3]. In an-
ther set of experiments, the thermal inactivation r
btained at temperatures ranging form 45 to 60◦C were
rastically decreased after chemical modification. Co
uently, we suggest that the attached CD moieties partic

n supramolecular-mediated interactions that could pre
rypsin aggregation at high temperatures, a mechanism
as been reported to play a main role in trypsin therma
ctivation processes[27].

Since trypsin inactivation at basic pH has been assoc
ith protein self-digestion[28], it has been reported that mo
ighest dipeptide concentration was reached. The maxi
minolysis/hydrolysis ratios for modified and native tryps
ere 2.2 and 2.5, respectively. In spite of the similarity of
minolysis/hydrolysis ratios for both forms, the aminoly
ates were approximately 1.7-fold higher for the conjuga
s shown inFig. 4. Therefore, CD-modified trypsins reach
pproximately 70% of maximum conversion ratio after
hile native trypsin needed 3 h for reaching a maxim
f 72% conversion ratio. However, it is important to po
ut that BAEE hydrolysis rates for the conjugates w
pproximately 1.5 higher, agreeing well with the hig
AEE esterolysis rates found in spectrophotometric as
hese results also support the hypothesis that supram
lar interactions between BAEE and attached CD moi

ncrease trypsin catalytic efficiency.

. Conclusions

In this paper we report the chemical modification
rypsin with three carboxylic CD derivatives via covalent
achment to lysine residues using a water-soluble car
mide as coupling agent. The modified enzymes showe
anced catalytic properties and were more resistance to
al and autolytic inactivations. At the same time, modi

rypsins were more efficient than native trypsin when w
ssayed as biocatalysts for dipeptide synthesis. These r
onfirm that the previously reported strategy of chem
odification with cyclodextrin derivatives constitute an

ective approach for improving the functional propertie
nzymes.
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