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Abstract

The lyophilization of proteins in the presence of template molecules has been suggested as a means of creating ‘‘de
Ž .novo’’ binding and catalytic sites. The bio-imprinting of bovine serum albumin BSA was investigated using the binding of

Ž . Ž .p-hydroxybenzoic acid pHBA and the b-elimination of 4-fluoro-4- p-nitrophenyl butan-2-one as model systems. It was
found that both binding and catalytic activity could be enhanced by a factor of approximately 3 over that of the native
protein but that no specificity was introduced. It was also found that activity was restricted to active groups on the surface of
the imprinted proteins which could be influenced by this technique. A synergistic effect between lysine and aspartic acid
groups was observed. This suggested that ionised carboxylic acid and amine groups are involved in bio-imprinting and
further suggests ways in which the technique could be developed to produce novel protein based catalysts. q 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

w xThe use of enzymes in organic synthesis 1
is now well documented and their ability to

w xperform reactions in anhydrous solvents 2 in-
creases their potential further. The insight into
the creation of artificial enzymes though came

w xfrom the statement of Pauling 3 that, ‘‘En-
zymes are molecules that are complementary to
the structures of the activated complexes of the
reactions that they catalyse.’’ This concept led
to the development of catalytic antibodies which
are antibodies that have been raised against a
transition state analogue of the reaction under
study. They represent a potentially important
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synthetical tool as they can be used where no
natural enzyme exists, although they are expen-
sive to produce.

w xThe reports by Braco et al. 4 and Dabulis
w xand Klibanov 5 , which involved the lyophiliza-

tion of an excess of a template molecule with a
Ž .protein such as bovine serum albumin BSA ,

have claimed the formation of binding sites in
the protein that were specific for the original
template. When this is considered together with

w xthe observations that enzyme activity 6 , sub-
w x w xstrate specificity 7,8 and enantioselectivity 9

can be markedly effected by lyophilising or
precipitating an enzyme with a given substrate,
it suggests that a new approach to ‘‘synthetic
enzymes’’ complementary to catalytic antibod-
ies is possible. The constraining point of this

w xtechnique, now called bio imprinting 10 , is
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that the protein or enzyme must remain in an
anhydrous or nearly anhydrous solvent during
the reactions otherwise the acquired specificity

w xis lost 11 . The application of this concept to
BSA is appealing due to its cheapness and
abundance, two aspects that are necessary if a
protein with template induced catalytic activity
is to be commercially viable.

However, as BSA is a complex protein with
numerous natural binding and catalytic sites, a
thorough understanding of the imprinting pro-
cess is required to facilitate its application. Fifty
years of investigation have shown that the serum
albumins can catalyse processes as diverse as

w xthe Diels-Alder 12 and eliminations reactions
w x13 . Also, the serum albumins are well known
for their ability to bind many different com-
pounds in a variety of binding sites with binding

16 y1 Ž .constants that range from 10 M for Cu II
to 108 My1 for bilirubin to 107 My1 for long
chain fatty acid and to 105 My1 for 2-acetyl

Ž .benzoic acid aspirin . This makes the addition
of a new catalytic process, with the aim of
forming a pure product, difficult. The identifica-
tion of naturally active sites has been aided by
the publication of the crystal structures of the

w xcommon albumins 14 . In addition, certain dyes,
Ž . w xsuch as fluorescein–isothiocyanate FITC 15 ,

can be specifically coupled to albumin to inter-
act with various binding andror catalytic sites.

It was previously suggested that the tech-
nique of bio-imprinting of BSA generated spe-

w xcific binding cavities in the protein 4,5 . How-
ever, it has not been conclusively shown that
the results were due directly to conformational
changes. Only a limited set of compounds were
studied and other possible explanations were not
explored. Also, the non-imprinted BSA used as
a control was obtained by lowering the pH of
the solution with HCl before lyophilization. This
was necessary to simulate the pH achieved by
the template molecule because the structure of
BSA is dependant upon the pH of the solution it
is in. Such controls may be inappropriate as no
attempt was made to remove this acid before
binding experiments were undertaken. The dif-

ference in binding between this non-imprinted
control BSA and the imprinted BSAs led to the
assumption that specific binding sites had been
created by the process. A more detailed under-
standing of the events that take place during
imprinting would increase our knowledge of
this phenomena and so assist in developing the
necessary protocols if bio-imprinting is to be a
feasible method for the introduction of ‘‘de
novo’’ catalytic sites into proteins.

The study described in this paper attempts to
identify the processes andror changes that take
place in BSA when it is lyophilised with a
template according to the method described by

w xBraco et al. 4 . Firstly, by investigating the
Ž .binding of p-hydroxybenzoic acid pHBA in

anhydrous acetonitrile to a number of imprinted
and non-imprinted BSAs. Then, secondly, the
catalytic b-elimination ability of BSA imprinted
with a variety of templates, was investigated

Ž .using 4-fluoro-4- p-nitrophenyl butan-2-one as
Ž .substrate Fig. 1 1 . This substrate has previously

w xbeen used in studies of catalytic antibodies 16 ,
w xmolecular imprinted polymers 17,18 and bio-

w ximprinted proteins 13,19 .

Ž .Fig. 1. b-Elimination of 4-fluoro-4- p-nitrophenyl butane-2-one
Ž .to 4- p-nitrophenyl -3-buten-2-one. Also showing the transition

Ž .state analogue N-isopropyl-4-nitrobenzylamine 3 .
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2. Material and methods

Ž .Fatty acid-free BSA cat. A6003 , poly-L-
Ž .lysine hydrobromide mol. wt. 30 000–70 000 ,

Žpoly-L-aspartic acid sodium salt mol. wt.
.15 000–50 000 and phosphate buffered saline

Ž . Ž .PBS cat. P4417 were obtained from Sigma,
X Ž .Poole Dorset, UK. O,O -Bis 2-aminopropyl -
Ž .polyethylene glycol 500 Jeffamine ED-600

was obtained from Fluka Chemicals, Gilling-
Ž .ham Dorset, UK. 4-Fluoro-4- p-nitrophenyl -

Ž .butan-2-one 1 and N-isopropyl-4-nitrobenz-
Ž .ylamine 3 were prepared as described previ-

w xously 18 . All other chemicals were obtained
from Aldrich Chemical, Gillingham, Dorset,
UK.

2.1. Blocking of actiÕe site lysines in BSA with
FITC

Lysine groups on BSA were reacted with
w xFITC as described by Kikuchi et al. 20 . The

quantity of fluorescein bound to BSA was deter-
mined from the absorbance maximum at 500–
501 nm using an extinction coefficient of 75 900
My1 cmy1. Increasing molar quantities of FITC
were then used to produce BSAs with larger
FITCrBSA ratios.

2.2. Imprinting of proteins

BSA was imprinted, according to the method
w xof Braco et al. 4 , with a variety of templates

Žwhich included: pHBA, Jeffamine ED-600 a
high molecular weight base soluble in polar

.solvents and N-isopropyl-4-nitrobenzylamine.
BSA was also freeze dried with varying quanti-
ties of hydrochloric acid to give protein prepara-
tions at pH 1.9, 2.2, 3.1, 4.0, 5.1 and 6.8. A 1:1
mixture, on a molar basis, of salt free poly-L-
lysine and poly-L-aspartic acid was imprinted
with only the Jeffamine ED-600 template while
both poly-L-lysine and poly-L-aspartic acid were

w ximprinted with pHBA. Previous studies 4,5,19
have shown that the washing procedure is ade-
quate to remove all of the free template. A

non-imprinted control was prepared in exactly
the same way except that the template was
omitted. All samples were stored under vacuum.

2.3. Determination of pHBA binding

The pHBA binding kinetics of the imprinted
and non-imprinted proteins were determined us-
ing the following procedure with the pHBA
concentration being varied from 0.09 to 2.34
mM. An accurately weighed sample of the pro-

Ž .tein 6.6 mg was suspended in a solution of
Ž .pHBA in anhydrous acetonitrile 1.0 ml . The

samples were sonicated for 5 min to produce a
fine dispersion of protein and then placed on an
orbital shaker for 16 h at room temperature.
Analysis of the resulting pHBA concentration
in the filtered supernatants, with dilution where
necessary, was performed by HPLC on a Gilson
analytical system fitted with a LDC 3100X
variable wavelength UV detector set at 254 nm

Ž .and a spherisorb ODS2 25 cm, 5 mm column.
Elution was achieved at 1.0 mlrmin using a

Žlinear gradient of water–acetonitrile 60%–90%
.vrv . To quantify the results, a calibration graph

was constructed using accurately weighed sam-
ples of pHBA and all experiments were per-
formed in at least duplicate.

(2.4. Determination of catalytic actiÕity aqueous
)reaction

The catalytic activity in aqueous solution of
BSA and the poly amino acids towards b-

Ž .elimination of 4-fluoro-4- p-nitrophenyl butan-
Ž .2-one 1 was followed spectrophotometrically

at 330 nm on a Perkin Elmer l-15 spectro-
w xphotometer as described previously 13 . The

aqueous assay was performed directly in a spec-
trophotometric cell at 408C in PBS at a final
protein concentration of 1 mM. The reaction

Ž .was initiated by adding 15 ml of substrate 1 to
give a final concentration of 750 mM in a
volume of 1 ml. The reaction rate was calcu-
lated from the observed increase in elimination
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Ž . Ž .product, 4- p-nitrophenyl -3-buten-2-one 2 ,
using the extinction coefficient of 8.3=103

My1 cmy1 calculated for the change in ab-
w xsorbance at 330 nm 18 .

2.5. Determination of catalytic actiÕity of im-
printed and non-imprinted proteins

Catalytic activity of imprinted proteins was
determined in dry acetonitrile at a protein con-
centration of 0.1 mM. To an accurately weighed

Žprotein sample either imprinted or non-im-
. Žprinted was added an acetonitrile solution 1.0

. Ž .ml of substrate 1 at either 13, 22, 55 or 114
mM. The samples were sealed and then incu-

Žbated at 508C. At 1 h intervals an aliquot 20
.ml was withdrawn, diluted with acetonitrile

Ž .1.0 ml and the absorbance at 330 nm mea-
sured. The concentration of product was then
calculated as described above.

3. Results and discussion

BSA was freeze dried with a variety of tem-
Žplates and at a range of acid adjusted pH 1.9–

.6.8 as stated above. These sample were then
challenged with various solutions of pHBA that
ranged in concentration from 0.09 to 2.34 mM.
The binding of pHBA by each BSA sample
was then measured. The BSA imprinted with
pHBA bound 7.7 mol pHBArmol BSA, which
showed a small increase over BSA that was

Žfreeze dried in the absence of any template 5.8
.molrmol . This was slightly lower than the

binding of BSA imprinted with Jeffamine ED-
Ž .600 9.5 molrmol , a high molecular weight

primary amine. More importantly, the depen-
dence of binding upon the pH of the prior
lyophilized solution is clearly demonstrated in
Fig. 2. This shows that, as the lyophilization pH
decreased so did the binding of pHBA. The
unsuitability of the acid adjusted BSA as a
control, as used in the early work, was further
demonstrated by redissolving the imprinted BSA
and acid adjusted non-imprinted BSA separately

Fig. 2. Dependance of binding of pHBA on lyophilization pH of
BSA.

in water. A pH of 6.8 was obtained for the
imprinted and 3.4 for the non-imprinted protein
showing that the HCl was not removed by
washing with ethanol. This was the standard
extraction procedure for the removal of the

w xtemplate 4 . This result is in agreement with the
w xnotion of protein memory 21 that states that a

retains the pH of the last solution it was in
contact with. Furthermore, when acid adjusted

Ž .non-imprinted BSA 3.0 molrmol was washed
with ethanol that contains a small amount of

Ž .base triethylamine , to remove the bound acid,
Ž .it then bound a quantity of ligand 5.5 molrmol

similar to BSA that had been freeze dried in the
Ž .absence of any template 5.8 molrmol . When

pHBA imprinted BSA was washed with ethanol
containing triethylamine, a similar binding re-
sult to the above normal ethanol washed BSA
was obtained. The pHBA binding character-
istics of a 1:1 mixture of poly-L-lysine and
poly-L-aspartic acid, which approximates BSA
in terms of the acidrbase ratio, resembled the

Ž .corresponding imprinted 5.7 molrmol or
Ž .non-imprinted 0.8 molrmol BSA prepara-

tions. The binding of pHBA to either poly-L-
Žlysine imprinted: 2.0 molrmol, non-imprinted:

. Ž0.13 molrmol or poly-L-aspartic acid im-
printed: 0.05 molrmol, non-imprinted: 0.01

.molrmol was small.
Scatchard, Langmuir and Freundlich isotherm

analysis of the binding data was used to es-
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timate pHBA binding and kinetics. The two
Freundlich constants k and n are related to the
capacity of the protein for pHBA and to the
affinity of the protein for pHBA respectively
with value of n greater than unity reflecting

w xfavourable adsorption conditions 22 . The con-
stant k can have the units of molrmol when n
is unity. As shown in Table 1, it was determined
that the Freundlich isotherm offered the best fit
to the data on the basis of the derived r 2. This
suggests that multiple binding sites with varying

w xaffinities are present 23,24 .
It is assumed that, if a BSA is specific for a

ligand, then the binding of that ligand should be
greater than the binding of the same ligand to
other BSAs imprinted with similar but different
templates. It was observed that irrespective of

Žwhich template o-, m-, p-hydroxy, chloro, ni-
.tro, etc. benzoic acid BSA was imprinted with,

the quantity of ligand bound was dependent on
Ž .its pK Fig. 3 rather than structure. This wasa

demonstrated by the observation that binding of
a ligand, to its specific BSA is no greater than
its average binding to all benzoic acid imprinted
BSAs. The implication is that imprinted BSA
binds benzoic acids on the basis of their charge
rather than on their structure. This finding is in

Fig. 3. Binding of benzoic acids to imprinted BSA.

agreement with results obtained from an earlier
w xpublication 5 .

Known active sites in BSA were progres-
sively, irreversibly blocked by incubation in the
presence of increasing quantities of FITC. These
BSA preparations were then studied for their

Žability to b-eliminate 4-fluoro-4- p-nitrophen-
. Ž .yl butan-2-one, substrate 1 , in both aqueous

and an organic solvent. The results in the or-
ganic solvent were then compared with the abil-
ity of other imprinted and non-imprinted BSAs
to carry out this reaction.

The initial rate of b-elimination in aqueous
Ž .solution of 1 showed no decrease until after

Table 1
Binding of pHBA to imprinted and non-imprinted proteins
nasdata not available.

w xFreundlich isotherm ln ys ln kq1rn ln S .
w x w xLangmuir–Hinshelwood isotherm S rÕs S rkq1rkK.

w xScatchard yr L snrKdyyrKd.

Template used to imprint BSA Freundlich Freundlich LangmuirrScatchard
2 2Ž .n k molrmol r r

pHBA 1.1"0.02 6.6"0.07 0.9992 0.8061r0.7087
Jeffamine 1.08"0.04 8.75"0.02 0.9969 0.9746r0.9361
Non-imprinted 1.29"0.02 5.13"0.04 0.9998 0.903r0.8283
HCl pH 5.1 1.4"0.09 3.92"0.18 0.9863 0.9836r0.9387
4.0 0.81"0.30 0.2"0.19 0.7944 na
3.1 0.92"0.09 2.28"0.19 0.9928 na
2.2 1.07"0.05 2.27"0.07 0.9902 0.3994r0.369
1.9 1.11"0.06 2.9"0.1 0.9958 0.7979r0.7033

Imprinted AsprLys
Jeffamine 1.35"0.07 5.66"0.04 0.9831 0.9868r0.9194
Non-imprinted 1.14"0.03 1.22"0.02 0.9242 0.5658r0.0225
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Fig. 4. Dependance of initial rate of b-elimination on FITCrBSA
ratio in aqueous solution.

Žone equivalent of FITC had been bound Fig.
.4 . On further FITC binding, the rate tended to

zero at a FITCrBSA ratio of 2. When V andmax

K values, derived from Hanes–Woolf graphs,m

were plotted against FITCrBSA ratios, a simi-
lar trend to that shown in Fig. 4 was observed.
The use of the polyamino acids, either sepa-
rately or as a 1:1 mixture in place of BSA,
produced low initial rates of reaction and were
not investigated further. Also, previous studies
with BSA on this reaction have shown that a
decrease in the pH of the solution causes a
decrease in the reaction rate as would be ex-

w xpected for a base catalysed reaction 13 .
The kinetics of this reaction were similarly

Ž .investigated in anhydrous acetonitrile Table 2 .
The BSA preparations freeze dried at different
pH showed a decrease in V as the lyophiliza-max

tion pH was lowered, while BSA preparations
blocked with FITC now showed little variation.
Similar V values were obtained with non-im-max

printed BSA, BSA imprinted with pHBA or
Ž . Ž .N-isopropyl-4-nitrobenzylamine, TSA 3 , a

transition state analogue for the b-elimination
reaction that had been used in previous studies
w x13,18,19 . The BSA imprinted with Jeffamine
ED-600 showed a three-fold enhancement in
value. Neither poly-L-lysine or poly-L-aspartic
acid showed significant catalytic activity but
their 1:1 mixture did produce a small increase in
initial rate while the imprinted 1:1 mixture pro-

duced an initial reaction rate that was similar to
imprinted BSA. The K values, which werem

quite large and therefore reflect low affinity,
remained fairly constant.

The above results could be concluded as
follows. The technique of bio-imprinting ap-
pears to alter some of the ionic or salt bridges
between surface amine and carboxyl groups so
as to increase the number of isolated ionised
groups. These bonds have been postulated as
stabilising protein structure in organic solvent
w x25 .

This is possibly achieved by the template
associating itself with either the charged amine
or carboxyl groups thus disrupting the link be-
tween them. When the template is removed in
the washing process the ionised groups are held
apart because of the rigidity of the protein in
organic solvents. The primary factor responsible
for ligand binding was its pK rather than itsa

structure as shown by the results in Fig. 3. The
w xexperiments of Dabulis and Klibanov 5

demonstrated a similar effect with carboxylic
acids. It is probable that the carboxylate ion, so
formed by imprinting, is responsible for the
observed binding and catalytic activity. Such a
mechanism has been postulated before as car-
boxylates become more basic in anhydrous or-

w xganic solvents 26 . This would be in accor-
dance with the concept of using transition state
analogues such as N-isopropyl-4-nitrobenzyl-

Ž .amine 3 to generate a catalytic antibody with a
carboxylate group positioned adjacent to the

Ž .acidic proton of 4-fluoro-4- p-nitrophenyl -
Ž .butan-2-one 1 . Further support comes from the

w xrecent publication of Menger et al. 27 in which
a polymer developed from carboxylic acids and
amines, using combinatorial chemistry, was
shown to be an effective catalyst for a similar
reaction to that shown in Fig. 1.

The addition of water to imprinted BSA,
w xwhich has been shown to reduce binding 4 and

w xcatalytic effect 13 may therefore do so by
enabling these ionic bridges to reform, either by
increasing the flexibility of the protein or by
resolvation of the ions. Likewise, protonation of
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Table 2
Ž .b-Elimination of 1 by imprinted and non-imprinted proteins

ndsnot determined.
y1 y1w Ž . x Ž . Ž .Template used to imprint BSA Initial rate of 1 at 13 mM K mM V mol mol BSA minm max

y1 y1Ž .mol mol BSA min

pHBA 0.228 120.5 2.4
Jeffamine 0.55 113.5 5.75
TSA 0.189 145.4 2.27
Non-imprinted 0.166 145.6 1.91
HC1 pH 5.1 0.156 94.8 1.36
4.0 0.065 106.3 0.67
3.1 0.036 95.5 0.31
2.2 0.012 106.4 0.11
1.9 0.013 39.5 0.05

BSA blocked with FITC
Ratio 0.2 0.047 35.3 0.2
0.5 0.088 12.2 0.22
1.02 0.069 10.8 0.15
1.35 0.114 23.8 0.38
1.59 0.126 1.7 0.22
1.71 0.137 4.0 0.28

AsprLys imprinted with
Jeffamine 0.325 nd nd
Non-imprinted 0.061 nd nd

Lys
Non-imprinted 0.025 nd nd

Asp
Non-imprinted 0.011 nd nd

the carboxylate ions also causes a decrease in
binding and catalytic capacity by converting it
into its neutral form. This dependency is shown
in Fig. 2 where the quantity of bound pHBA
decreased as the lyophilization pH decreased.
The increase in binding below pH 3.5 was
possibly due to the exposure of more car-
boxylramine groups due to the known N–F
transformation that BSA undergoes at pH 4.0
w x28 .

The initial report of imprinting by Braco et
w x w xal. 4 and Dabulis and Klibanov 5 rely upon

the difference in binding of imprinted BSA and
an acid adjusted non-imprinted BSA as a con-
trol. This control BSA was derived by freeze

Ž .drying BSA at an acid pH HCl similar to the
pH of the imprinted protein. As has been shown
above, the acid was not removed in the washing
process. and the quantity of pHBA bound is

dependant upon the lyophilization pH. The re-
sult was to under estimate the binding capacity
of the non-imprinted BSA and hence over esti-
mate the effect of imprinting BSA with a spe-
cific template. They do, however, make the
point that binding is due to hydrogen bonding
which would also be consistent with the present
results.

Progressive blocking of two sites in BSA,
with FITC, has previously been shown to cause
a decrease in the reaction rate, in phosphate
buffer, of the base promoted rearrangement of

w xbenzisoxazoles to salicylonitriles 20 . This re-
action is believed to be catalysed by the lysine
groups found in the sites known as Sudlow Site
I and Sudlow Site II where the majority of
ligand binding, in serum albumins, takes place
w x29 . The published crystal structure data has

w xconfirmed these two sites as cavities 12 . The
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present results suggests that the site in BSA
most easily accessed by FITC plays little or no
part in the b-elimination reaction in aqueous
solution. Such an observation is consistent with
the accepted view on the nature of these two
sites, in that Site I which is an open pocket will
bind large, polar molecules while Site II, a
tighter pocket binds small non-polar, often aro-

w xmatic, molecules 29 . In anhydrous acetonitrile,
the reaction did not take place in either of the
sites referred to above as progressive blocking
of them had no effect on the reaction rate.
Therefore, it is likely that, as with binding, the
observed catalysis with imprinted BSA is de-
rived from charged amino acids found on the
surface of the molecule. The Freundlich isotherm
data support the above inference that binding
was due to isolated charged groups on the pro-
tein surface as the affinity value n showed a
small variation, while the capacity to bind lig-
and, k, changed in a manner that is related to
the blocking of these groups.

The observation that only the imprinted 1:1
mixture of poly-L-lysine and poly-L-aspartic acid
can act as a catalyst or as an absorbent with
similar efficiency to imprinted BSA further
strengthens the above assumption. The poly-
amino acid mixture has no recognised structure
but has many of potentially interactive groups.
So, if the binding sites on BSA and the
polyamino acid mixture are similar there is a
possible inference that binding involves mostly
basic and acidic groups in combination. The
effect of bio-imprinting is therefore to increase
the number of unpaired ionic charges on the
surface of the protein. This synergistic effect
could possibly be utilised by the inclusion of
other amino acids, such as serine, into the struc-
ture. The techniques of combinatorial chemistry

w xor by the approach of Atassi and Manshouri 30
would allow a number of potentially active sites
to be synthesised. The activity of enzymes has
been increased by bio-imprinting them with an

w xinhibitor 11 . A similar approach of bio-im-
printing the above synthetic active sites, with a
suitable template, could then produce an effec-

tive catalyst analogous to a proteinase for use in
organic solvents.
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