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This investigation provides evidence of the acyl enzyme species involved in the interaction of R/S-
ketoprofen with the lipase B from Candida antarctica. The interaction between the profen and the enzyme
was studied by in situ time-resolved ATR-FTIR under both static and transient conditions. Particularly, mod-
ulation excitation spectroscopy (MES) with phase sensitive detection (PSD) allowed us to univocally distin-
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guish the signals belonging to the interaction between ketoprofen and the enzyme from the strong back-
ground signals. These experimental tools coupled with theoretical DFT analysis allowed us to propose
various species derived from the interaction of ketoprofen with serine through H bonding (without reac-
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tion) and the acyl enzyme species (ester bond formation) which are the intermediates in the biocatalytic
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1. Introduction

Lipases (triacylglycerol hydrolases, EC 3.1.1.3) are a family of
hydrolytic enzymes whose biological function in bacteria,
fungi, plants and higher animals is to catalyze the hydrolysis
of triglycerides to obtain free fatty acids and glycerol. Further,
these enzymes are of great utility in various reactions and nu-
merous industrial processes due to their ability to catalyze the
reverse reactions of esterification, transesterification and
interesterification. Additionally, their chemo-, regio- and
enantioselectivity and their ability to react with a wide variety
of substrates make these enzymes the most widely used in or-
ganic chemistry." The pharmaceutical industry applies the
enantioselectivity property of lipases for preparing different
pharmaceuticals and fine chemicals containing a chirality
center. Among the racemic substances, 2-arylpropionic acid
derivatives are an important group of non-steroidal anti-
inflamatory pharmaceuticals (NSAIDs) widely used in the
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assisted esterification and hydrolysis using lipases.

treatment of pain and inflammation associated with tissue in-
jury. Even though they are commercially available as racemic
mixtures, the pharmacological activity remains mainly on the
S-enantiomer which also causes fewer adverse effects than the
racemic form.>” Therefore, in the last 20 years, lipases have
been widely applied in the kinetic resolution of these racemic
mixtures with the aim of obtaining optically pure S-2-
arylpropionic acids.*"®> Lipase B from Candida antarctica
(CALB) has been one of the most used. CALB is composed of
317 amino acids and has a molecular weight of 33 kDa. Its ac-
tive site is a catalytic triad composed of serine (S) 105,
aspartic acid (D) 187 and histidine (H) 224, and an oxyanion
hole formed by threonine (T) 40 and glutamine (Q) 106 is
found.’® The mechanism of action of this enzyme has been
described as Ping Pong Bi Bi with the formation of two tetra-
hedral intermediates and an acyl-enzyme complex, and com-
petitive substrate inhibition by the alcohols used as acyl ac-
ceptors'” (Scheme 1). The substrate enters the active site and
becomes activated and coordinated to the oxyanion hole
formed by T40 and Q106.'® The hydrogen atom of S105 is
transferred to the Ne of H224 of the catalytic triad and the Oy
attacks nucleophilically the carbonyl group of the substrate to
form the first tetrahedral intermediate which is stabilized by
the oxyanion hole. An acyl-enzyme complex is formed when
the hydrogen atom in H224 is transferred to the oxygen atom
to release an alcohol from the intermediate. A second nucleo-
philic attack is initiated by a nucleophile (water or alcohol in
hydrolysis or esterification reactions, respectively) on the car-
bonyl carbon of the acyl-enzyme complex to form the second
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Scheme 1 The Ping Pong Bi Bi mechanism of Candida antarctica lipase B.*®

tetrahedral intermediate. Then the product is released and
the lipase is regenerated. The role of D187 in the catalytic
triad is to stabilize the positive charge generated over the
H224 residue in the tetrahedral intermediates."”""%*°

Molecular modeling studies of the mechanism of esterifi-
cation of R/S-ibuprofen catalyzed by lipase B of Candida ant-
arctica suggested that the enzyme prefers the R-enantiomer to
form an acyl-enzyme complex through the amino acids S105,
H224 and D187 which constitute the catalytic triad.?* Further
studies have postulated the formation of an acyl-enzyme
complex between the R-enantiomer of ketoprofen and the li-
pase from Rhizomucor miehei.* The presence of the acyl-en-
zyme complex has been determined experimentally through
infrared spectroscopic techniques in the hydrolysis of
B-lactam antibiotics by a B-lactamase enzyme®*>* and orni-
thine acetyl transferase (OAT)*® and in the hydrolysis reaction
of trans-cinnamoyl imidazole by a-chymotrypsin.>® However,
there is no experimental evidence of this intermediate spe-
cies in the kinetic resolution of R/S-2-arylpropionic acids cata-
lyzed by lipases.

In the present investigation, the molecular species in-
volved in the interaction of R/S-ketoprofen with lipase B of
Candida antarctica is studied by in situ time-resolved ATR-
FTIR and molecular modeling.
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2. Experimental
2.1. Materials

Highly pure Candida antarctica lipase B was obtained from a
commercial extract of lipase B from Candida antarctica CALB
L (Lipozyme® LC N02102) provided by Novozymes Brazil
(Parana, Brazil) according to the methodology described by
Llerena-Suster et al.”’ R/S-ketoprofen was purchased from
Parafarm (99.80%, batch 030718 000928/004) and deuterium
oxide D,O from Cambridge Isotope Laboratories (99%).

2.2. Isotopic exchange of lipase B from Candida antarctica
with D,O

The isotopic exchange of water with D,O molecules allows
the investigation of the amide I signal (1700-1600 cm™") with-
out the interference of the bending vibration of O-H species
(mainly from adsorbed water) that typically appears at 1640
ecm™'. The H-D isotopic exchange of water molecules in
highly pure CALB was performed by dissolving 0.0050 g (5
mg) of the enzyme in 500 pL of D,0. The mixture was dis-
persed over the ATR cell in order to prepare a homogeneous
film over the crystal. Then, the cell was closed and incubated

at room temperature to allow isotopic exchange to occur.
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With the aim of studying the isotopic exchange evolution, the
sample was analyzed once every second during the first three
minutes of exchange (1 scan per spectrum), followed by one
spectrum every three minutes to complete two hours (20
scans per spectrum). Finally, the cell was purged overnight
with dry air in order to remove excess D,O and remaining
traces of H,O, achieving a dry completely exchanged film. A
new spectrum of completely exchanged CALB was obtained at
room temperature. Then the cell was heated at 45 °C using a
thermostatic water bath (Julabo) connected to the heating
jacket of the cell with the aim of obtaining similar conditions
to those employed in the esterification reaction, and a new
spectrum was collected under these new conditions. Then
300 pL of ketoprofen in carbon tetrachloride (0.02 M) was
added and the interaction was analyzed for 3 hours. Initially,
spectra were recorded once every second during the first
three minutes (1 scan per spectrum), followed by one spec-
trum every five minutes (25 scans per spectrum) until 3 hours
of analysis were completed.

The secondary structure of highly pure CALB before and
after the contact with R/S-ketoprofen was studied according
to the methodology employed previously when the secondary
structure of Novozym®435 in contact with 2-propanol was
studied.>®*’

2.3. Investigation of the intermediate species through
molecular spectroscopy

2.3.1. ATR-FTIR analysis. The species generated during
the interaction of R/S-ketoprofen with the CALB lipase was
studied through infrared spectroscopy using a homebuilt
stainless steel flow-through cell as described in detail else-
where.***" The optimized design of the ATR cell has linear-
shaped entrance and exit ports close to the extremes of the
cell to avoid dead-volume zones and to enable a uniform
fluid velocity profile across the cell, which is fully devel-
oped immediately after the ports. The total cell volume is
60 pL. The ATR crystal used was a 45 °C trapezoidal ZnSe
whose dimensions were 80 mm x 10 mm X 4 mm, provid-
ing 10 internal reflections at the liquid/crystal interface
(penetration depth = 1.66 um for n, = 1.4 at 1000 cm™*). A
film of the enzyme was prepared on the crystal described
above. The cell was mounted onto an ATR attachment
(Pike Technologies) inside the sample compartment of the
FTIR spectrometer (Thermo-Electron, Nicolet 8700 with a
cryogenic MCT detector). The bench of the spectrometer
and the mirrors that direct the radiation towards the cell
are continuously purged with dry air (from a Parker
Balston generator) in order to eliminate the contribution of
CO, and water vapor to the spectra. Analysis of all the
spectra was performed with the software Omnic 8 and Ori-
gin 5.0.

Deconvolution of the obtained spectra was performed by
peak fitting of the signal by Lorentzian-shaped components
in the non-deconvoluted spectra. The software used for this
purpose was a special peak fitting module of Origin 5.0. The
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positions and number of peaks were determined from the
second derivative analysis of the spectra.

2.3.2. Modulation excitation spectroscopy with phase sen-
sitive detection (MES-PSD). Concentration-modulation excita-
tion spectroscopy (c-MES) experiments were performed at 35
°C, using the same set-up already described elsewhere.***!
Isothermal c-MES experiments in combination with phase
sensitive detection (PSD) were carried out to selectively distin-
guish the signals belonging to the interaction between keto-
profen and the enzyme from the strong signals from the
background. MES-PSD analysis of the spectra was performed
according to the method developed by Baurecht and
Fringeli.*> More details on the technique can be found in the
ESL}

After recording the background spectrum, a modulation
experiment was started by varying the inlet composition
from carbon tetrachloride (Carlo Erba, HPLC grade) to R/S-
ketoprofen (0.16 M) in CCl,, using the desired modulation
frequency. After allowing at least five modulation periods to
adjust the system to the external perturbation, the record-
ing of the spectra was started. Spectra were acquired every
3 s during each c-MES period, using reactant exchange fre-
quencies from 1.7 to 33 mHz. The flow of reactants was
achieved using a pulse-free peristaltic pump (Ismatec ICP4)
located at the end of the cell. Liquids were provided from
two separate glass bottles. A pneumatically actuated three-
way valve controlled by software allowed switching between
streams of reactants. Repetitive square-wave stimulations
with flow rates from 0.5 to 2 mL min"' and modulation fre-
quencies from 50 to 200 mHz could be generated in the
ATR cell.

2.4. Molecular modeling

A molecular mechanics calculation in the framework of
Chem3D Cambridge Soft was performed to explore the steric
interactions between ketoprofen and the serine hydroxyl in
the presence of one water molecule interacting with keto-
profen through hydrogen bonding. The CALB sequence was
extracted from the Protein Data Bank (1tcb; DOI:10.2210/
pdbitcb/pdb) and the Swiss PDB Viewer program was
downloaded to visualize the lipase.** The structure of the acyl
enzyme of ketoprofen and the serine molecule was modeled
completely. The MM2 calculation produced a configurational
minimum for the acyl enzyme structure which was isolated
for the ab initio calculation. After a configurational MM2
minimum was obtained, a DFT study was carried out. This
DFT study used the method RB3LYP with the 6-31G basis set
as a frequency test in the Gaussian98W program, performed
on the structure of the acyl-enzyme ketoprofen-serine with
47 atoms. The goal was to obtain by calculation the FTIR
bands of the acyl-enzyme model. The complete calculation
for the acyl-enzyme serine-ketoprofen involved 8 hours and
59 minutes. The calculation output reported several charac-
teristic frequencies in the range 400 to 4000 cm ™", which are
presented in the following sections.
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3. Results

3.1. Protein based infrared signals under isotopic exchange

It is worth noting that lipase B from Candida antarctica used
in this investigation was thoroughly purified previously.>”
The purification involves the separation of the nonsoluble
fraction of the crude extract through centrifugation. Treat-
ment of the centrifuged sample with size exclusion chroma-
tography (SEC) allowed us to obtain an enzymatic sample free
of nucleic acids, benzoate and sorbate species. Moreover,
82% of the protein was retained with a similar specific activ-
ity to the crude extract. This enzymatic sample possesses
mainly CALB with minor amounts of two other proteins of
21.5 kDa and 66 kDa. These two proteins were retained in
the anionic and cationic exchange chromatography columns
at pH values equal to 8.5 and 5.5, respectively.

Fig. 1 presents the spectra collected during the isotopic ex-
change of purified lipase B of Candida antarctica during the
first two hours. It shows the different IR signal intensities
with time in the spectral region from 1730 cm™ to 1400
cm™', which includes amide I and II bands.**® Meskers
et al. described the spectral changes observed in the IR spec-
tra of a streptavidin protein during isotopic exchange.’” In
this context, as mentioned above, the amide II band shifts by
a wavenumber of 10 ecm™’, and it is observed in the figure
that the signal at 1450 cm ™" increases (amide II - D,0), while
at 1550 cm™' (amide II - H,0) the signal intensity decreases
over time. Meanwhile, in the amide I band, a decrease of the
absorbance at high wavenumbers (1700 cm™) and an in-
crease at low wavenumbers (1600 cm™) occur. As expected,
isotopic exchange allows visualizing the amide I band with-
out the interference of water molecules and so in general, the
band between 1600 cm™" and 1700 cm™" increases.

Fig. 2 presents the spectra of CALB (4000-1000 cm™)
completely exchanged with D,O after overnight incubation at
room temperature and 45 °C. For comparison purposes,
CALB dissolved in D,O at the beginning of the exchange is
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Fig. 1 Evolution of the infrared spectra of purified lipase B from
Candida antarctica during the first two hours of isotopic exchange at
room temperature.
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Fig. 2 Infrared spectra of CALB dissolved in D,O at the beginning of

the exchange, and completely exchanged with D,O after overnight
incubation at room temperature and 45 °C.

included. The band at 3378 cm ™" assigned to the v(O-H) and
v(N-H) stretching vibrations (the so-called amide A and am-
ide B) is observed. Additionally, characteristic signals of D,O
are observed in CALB dissolved in D,O before the isotopic ex-
change occurs, which are the v(O-D) stretching vibration at
2472 cm™' together with the §(O-D) bending vibration at
1206 cm™. Replacement of the hydrogen atom in the O-H
species by a deuterium atom modifies the wavenumbers of
the bending vibration band with a ratio of 1.37.°

3.2. Investigation of the species generated in the profen-
CALB interaction under static conditions

The spectra collected over 3 hours of interaction of R/S-
ketoprofen with CALB (dissolved in carbon tetrachloride in
the ATR cell) are shown in Fig. 3A-D.

The contribution of the spectra of CALB was subtracted;
therefore the infrared signals of the new species formed in
situ could be readily analyzed. The spectrum of pure R/S-
ketoprofen obtained immediately after being dissolved in
CCl, was included for comparison purposes. The intense sig-
nals at 1709 ecm™* and 1662 cm ' are ascribed to the
stretching mode of the carbonyl species v(C=O0) of the car-
boxylic and the ketone groups of the profen dissolved in car-
bon tetrachloride.>®

As can be appreciated in Fig. 3A, a broad signal arises at
1740 cm™ at 19 seconds of interaction and remains until
three hours of analysis are completed. This new signal is as-
cribed to a cyclic dimer, as was also reported in the literature
for ketoprofen dissolved in supercritical CO,.>*> The species
observed in the experiments performed with pure ketoprofen
dissolved in carbon tetrachloride at various concentrations
i.e. 0.02 M and 0.16 M without the presence of the enzyme
are similar to the ones described above (the spectra obtained
and the speciation of the profen are discussed in the ESIY).
However, the interaction with the enzyme gives rise to addi-
tional signals of low intensity at 1749 ecm™" and 1734 cm™

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (A) Time-resolved ATR-FTIR spectra collected over 3 hours of
interaction of R/S-ketoprofen with CALB dissolved in carbon tetrachlo-
ride in the ATR cell and spectrum of pure R/S-ketoprofen (highlighted
in green). (B) Enlarged detail of the spectra between 1770 cm™ and
1720 cm™. (C) Deconvoluted spectra between 1770 cm™ and 1680
cm™. (D) Time-resolved ATR-FTIR spectra in the 1300 and 1100 cm™
range with the spectra of pure CCly for comparison (highlighted in
red).
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Fig. 4 Evolution of the areas of the signals at 1749 cm™®, 1742 cm™
and 1734 cm™ up to 80 seconds of interaction of R/S-ketoprofen (0.02
M) in CCly with CALB at 45 °C.

(see Fig. 3B). Moreover, these signals were further confirmed
upon deconvolution of the broad signal centered at 1740
cm™ (see Fig. 3C).

The progression of such signals is presented as the
deconvoluted areas over time up to 80 seconds of interaction
in Fig. 4. The signals at 1742 em ' and 1734 em™" grow dur-
ing the first 30 s of interaction and remain without modifica-
tions. However, the behavior of the signal at 1749 ecm™ is
somehow different since it appears immediately upon contact
of the profen with the enzyme and then disappears, which ev-
idences desorption or reaction of the species. The experi-
ments under transient conditions will provide further evi-
dence on this matter.

Finally Fig. 3D shows new signals in the range between
1300 and 1100 cm™ which typically belong to the stretching
vibrations of C-O and C-O-C bonds. New features are
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Fig. 5 Deconvoluted areas of the components of the secondary
structure of the protein during the formation of the acyl-enzyme
intermediate species up to 80 seconds of contact with R/S-ketoprofen
(0.02 M) in CCly at 45 °C.

Catal. Sci. Technol., 2017, 7, 1953-1964 | 1957



Paper

observed at 1226 cm ™, 1160 cm™, 1100 cm™* and 1028 cm™
which cannot be ascribed to either pure ketoprofen or carbon
tetrachloride and this will be discussed in the following sections.

3.3. Influence of the acyl-enzyme intermediate on the
structure of the protein

The influence of the acyl enzyme on the secondary structure
of the protein was investigated through deconvolution, inte-
gration and further normalization of the corresponding sig-
nals involved in the amide I structure (from 1700 to 1600
em™").?%2? Fig, 5 presents the evolution of each component of
the secondary structure during the first 80 seconds of interac-
tion of R/S-ketoprofen with CALB, as described in section 3.2.

A decrease in the contribution of -sheets and an increase
in B-turns with respect to pure CALB (time 0) can be ob-
served, while the other structures remain almost unaltered.
These results are similar to those obtained in the esterifica-
tion of the profen with short chain alcohols (methanol, etha-
nol, 1- and 2-propanol) using the commercial biocatalyst
Novozym®435 (CALB immobilized on a macroporous sup-
port) reported previously.**?°

Structural modification of the enzyme by carboxylic acids
was previously reported in the literature.*’

After desorption of the acyl-enzyme complex from CALB
through a pure carbon tetrachloride flow in the c-MES experi-
ments (discussed in the next section), the amide I signal was
analyzed in order to obtain the contribution of each compo-
nent of the secondary structure. The results indicate that the
decrease observed in the 3-sheets and the increase in p-turns
as a result of the interaction of the acyl-enzyme complex is ir-
reversible. However, even though the a-helix and the random
structure still remain unmodified, the contribution of molec-
ular aggregates diminishes. Fang et al. found it difficult to ex-
plain the effect of solvent on the enzyme, but suggested that
the conformation changes induced in CALB by different sol-
vents might be different.”" These results may be a comple-
ment to the ones reported by McCabe et al., which showed
that the secondary structure of CALB does not differ signifi-
cantly with the change from an aqueous to an organic solvent
environment.*?

3.4. Profen-CALB reaction intermediate species are revealed
through molecular spectroscopy under transient conditions

Time-resolved spectra recorded during the c-MES experiment
of concentration-dependent periodic exchange of R/S-ketoprofen
(from 0.16 M in CCl, to pure CCl,) are presented in Fig. 6A. The
strong signals belonging to the enzyme film deposited on the
ATR crystal overwhelm the complete range of the spectra.
Thus, the slight changes in the spectra during modulation
are difficult to read. The phase-resolved spectra, after apply-
ing the PSD method, are presented in Fig. 6B. There, the
static IR signals from the enzyme film are eliminated from
the spectra, which allows the observation of the periodic
change in the signals at 1710 and 1664 cm ™" due to dissolved
ketoprofen being the stimulus. Additionally, some
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Fig. 6 (A) Time resolved ATR-FTIR spectra during a concentration MES
cycle of R/S-ketoprofen (0.16 M)/CCl,~CCl, over CALB (0.5 mL min™?,
45 °C K, = 50 mHz). (B) Phase-resolved ATR-FTIR spectra after de-
modulation of the spectra shown before and (C) deconvoluted spectra
between 1800 cm™* and 1620 cm ™. (D) Time-resolved ATR-FTIR spec-
tra during a concentration MES cycle in the 1300-800 cm™ range.
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KETOPROFEN SERINE

Portion of the acyl-enzyme
considered for DFT analysis

Lateral view of the acyl-enzyme interaction

Fig. 7 (A) Molecular models of ketoprofen and serine obtained with
Chem3D Cambridge soft. Front (B) and lateral (C) views of the acyl
enzyme of ketoprofen in the active site; the dots represent the
ketoprofen moiety. (D) Selection of the portion of the acyl enzyme
after minimization, including the large and medium pockets of CALB.

perturbation on the amide I band is also observed, as indi-
cated by the bands around 1650 cm™* and as discussed in the
previous section. Importantly, two bands are seen at 1757

This journal is © The Royal Society of Chemistry 2017
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and 1736 cm™". These signals change synchronically, but with
a phase lag as the ketoprofen flows into the cell, and there-
fore can be ascribed as a product of the interaction with the
CALB enzyme. Deconvolution of the spectra in the phase do-
main at the maximum intensity between 1800 cm™* and 1600
cm™ provides further evidence of those signals (see Fig. 6C).

It is important to note here that the c-MES experiments
were performed under a flow of the reactant, that is, the max-
imum concentration of ketoprofen in the cell is 0.16 M in
Cl,C. Control experiments showed that IR signals due to
ketoprofen dimeric species are only observed at highly con-
centrated solutions (see the ESIf). Then, the bands at 1757
and 1736 cm™* must correspond to the molecular interaction
of ketoprofen with CALB, as will be discussed next.

Additionally, Fig. 6D shows new signals at 1196 cm™* and
1228 cm™ which can be ascribed to the stretching vibrations
of the C-O-C bond, according to DFT calculations presented
in the next section.

3.5. Further evidence of the profen-enzyme surface species
through DFT calculation

Fig. 7A shows the ketoprofen and serine molecules obtained
with Chem3D Cambridge Soft. Additionally, Fig. 7B and C
present front and lateral views of the interaction of profen
with the catalytic triad including D 187, H 224 and S 105.
Then, Fig. 7D presents the portion of the minimized struc-
ture of ketoprofen-serine forming the acyl-enzyme which
was isolated for the ab initio calculation. The theoretical in-
vestigation of the interaction of ketoprofen with the serine
amino acid of the active triad of CALB provided key informa-
tion in terms of the infrared vibrations that would be
expected. Table 1 shows the results of the DFT calculation for
the infrared frequencies of serine, ketoprofen and the ester
between ketoprofen and serine which is a model of the acyl-
enzyme. The infrared signals of the optimized serine amino
acid calculated through DFT are also compared and assigned
according to the vibrations reported by Ramirez et al.** The
calculated vibrations of ketoprofen and the ester formed be-
tween ibuprofen and serine (the model acyl-enzyme interac-
tion) have been assigned according to the investigations
reported by Vueba et al.** The esters are reported to present
one band at 1735-1750 cm™" due to the stretching vibration
of the carbonyl group v(C=0) and several more at 1000-1300
cm™ due to the stretching of the C-O bond.

The theoretical end experimental investigations confirm
the presence of an infrared signal at 1756 cm " due to the
acyl-enzyme complex formation with simultaneous release of
a water molecule (formed between the hydroxyls of the
profen and serine) that is interacting with the complex
through hydrogen bonds. This interaction suggests the pres-
ence of an ester between the profen and the amino acid ser-
ine of the catalytic triad. Additionally, ketoprofen might inter-
act through three H bonds (one in the carbonyl group and
two in the OH group) with the hydroxyl of serine (without re-
action) and other adjacent NH and OH species of the
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Table 1
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Infrared wavenumbers for calculated bands (using DFT-GaussianW98) and experimental bands reported in the literature

Wavenumber (cm ™)

Serine-ketoprofen

Serine Ketoprofen ester Assignment
. Ramirez et al.*®
This
work ~Calculated Experimental Assignment This work  This work Vueba et al.**
548 564 548 Skeletal bending 521
601 606 Bending out of plane C-O-H
631 625 600 Skeletal bending 631.8 644 Bending out of plane C-O-H
653.9 650.8-654.4 Bending out of plane C-O-H
660.5 668 Bending out of plane
692.4 696 C-H bend out of plane
732 769 787 CO,-bending vibration 721.4 721.5 C-H bend out of plane
727.6 729.5
743.6 C-O-H out of plane
754.3 756
775 779 CH out of plane wagging
780 783 CH; rocking
837.6 815 807 CO,-bending vibration 827 834 CH out of plane wagging
841 840.1 C-H bend out of plane
888 878 C-OH in plane bending
896 898
911 935 912 916 CH out of plane bending
941 928 928 CH out of plane bending
962 CH; rock, ring deformation, CH bend
977.6 977.6 C-0
999.6 1000 Ring deformation
1008 1004
1028.4 1009 975 Skeletal stretching vCC, vCN, vCO  1015.6 1014.8 CH in plane bending
1038.5 C-0-C
1041-1045 1041-1048
1066-1068 1061-1065
1073.7 1073 CH, rock, C-CH,
1085 1064 1084 Ammonium rocking vibration 1088.5 1088-1092
1115
1125 C-0-C
1138 1135 Symmetric stretch Ph-C-Ph
1141 JOH 1147 1143-1147 CH phenyl in plane bending
1155 CH phenyl in plane bending
1179 1155 1154 1176 Phenyl ring deformation
1187 1185
1215 1243 1238 tCH, 1214.3 1212
1238 C-O stretching
1251 1252 Ph-Ph ring deformation
1260.8 OH 1260.4 1260.6
1269 1264
1282 1284
1308
1321 Ph C-C stretching
1333.5 1342 1340 Symmetric stretching vibration 1337 1336
vCO,-
1372 1375-1376 C-C-H deformation
1387.5 1362 1352 Overtones 1390.8 CH; symm. deformation
1399 1396-1398
1417.8 1416-1417 Stretching C-C en Ph
1420 1421 1423 @CH,, 1423.6 1423
1440.7 1457 1467 0CH, 1434.7 1435
1455 CH; antisymm. deformation
1490 1498 C-C stretching in phenyl
1502 1519 Bending symmetrical amine 1514 1512 NH,
1527 1527
1548 1553
1564 1559 1559 1561 1562
1576-1578 1576.6 C-C stretching phenyl
1675-1678 1674-1676 Stretching carbonyl group
1696-1698 1696-1698 Stretching C=0 in ketoprofen

1960 | Catal Sci. Technol., 2017, 7, 1953-1964
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Table 1 (continued)

Paper

Wavenumber (cm ™)

Serine-ketoprofen

Serine Ketoprofen ester Assignment
. Ramirez et al.*®
This
work ~ Calculated Experimental Assignment This work  This work Vueba et al.**
1745.8 1756 New C=O stretching in ketoprofen
ester
1832
1842 1842
1862 1862 Combination modes
1894
2829
2853
2873
2888
2901 2896 2903 Stretching CH
2929 2964 2969 Stretching CH,
2964 Symmetric stretching methyl
3006 3010-3013 Antisymm. stretching methyl
3053 3034
3085-3088 3085-3086 Stretching C-H phenyl
3100-3105 3100-3105
3112-3114 3110-3114
3124 3124
3136 3136 NH
3484
3560 3521 Stretching O-H 3577 Overtone
3745 3798-3814
4150 4002 4004-4008

catalytic active site. DFT investigation of this intermediate re-
vealed a new signal at 1736 cm™" which was also detected in
the ¢-MES experiments. Moreover, the experiments show new
signals in the range 1300 cm™ to 1000 cm ™" (see Fig. 3D and
6D). According to the DFT calculations presented in Table 1,
these signals provide further evidence of the ester between
ketoprofen and serine. In this context, it is possible to ascribe
the bands at 1028 cm™ and 1100 cm™" to the stretching vi-
brations of the C-O-C bond, the signal at 1160 cm™" to the
in-plane bending of the phenyl C-H group, and the one at
1226-1228 cm™ " to the stretching of the C-O bond.

4. Discussion

Acyl-enzyme species are the key intermediates in hydrolysis
and esterification reactions catalyzed by hydrolases and li-
pases. Previous spectroscopic investigations concerning the
formation of the acyl-enzyme intermediate used attenuated
total reflection (ATR)-FTIR under static conditions. Typically,
a film of the enzymatic material is placed on the crystal of
the ATR cell and the substrate is allowed to interact with the
active site over time. This procedure has also been applied in
the present investigation with the drawback of solvent evapo-
ration. This phenomenon might change the nature of the
substrate in contact with the enzyme (formation of dimers
was observed in the particular case of carboxylic acids such
as ketoprofen) and also lead to the modification of the inten-
sity of the infrared bands due to the increase in the concen-

This journal is © The Royal Society of Chemistry 2017

tration of the substrate over the crystal.>**® Another device

used for spectroscopic investigations of the acyl enzyme is an
in situ IR cuvette having CaF, windows and a path length of
50 um where the substrate and the enzyme are mixed for
analysis.*>**?

The first studies started approximately 25 years ago when
Swedberg et al. reported an acyl-enzyme intermediate by
ATR-FTIR analysis. They found that the trans-cinnamoyl-o-
chymotrypsin acyl-enzyme intermediate provided a new ester
carbonyl bond that vibrates at 1723 ecm™ and 1710 cm .
These infrared bands suggest the existence of two different
conformations of the substrate in the active site.>® Moreover,
Igbal et al. studied ornithine acetyl transferase 2 (OAT2) from
Streptomyces clavuligerus involved in the biosynthesis of the
B-lactamase inhibitor clavulanic acid, which forms an acyl-
enzyme complex with the substrate C-N-o-acetyl-L-glutamate.
The acyl-enzyme showed a broad band from 1691 cm™ to
1710 cm ™ composed of two absorption bands at 1691 cm™
and 1702 cm™, with the latter appearing as a shoulder on
the former, suggesting the formation of two complexes in
equilibrium. Further, Hokenson et al. reported an acyl-en-
zyme complex formed by the enzyme B-lactamase and differ-
ent substrates positioned at 1755 + 2 cm™', representing an
average of 13 cm ™" decrease in frequency compared to the un-
bound substrates.>® Lastly, in the study of the hydrolysis of
methicillin catalyzed by a p-lactamase enzyme, Wilkinson
et al. assigned the signals at 1742 em™, 1728 em™ and 1707

em™ to the acyl-enzyme complex.>”> Additionally, these
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Scheme 2 Complexes between ketoprofen and serine interacting with the surroundings, the acyl-enzyme intermediate with one molecule of
water and their infrared signals. The assignation of 1734-1736 cm * and 1756 cm* is not related to C-O-C. The purple color in C-O-C shows the

new bond.

authors reported at least four conformations which coexist
for the ester carbonyl group of the stable acyl-enzyme com-
plex species formed between the antibiotic aztreonam and
the class C B-lactamase from Citrobacter freundii. Absorption
bands assigned to these complexes were at 1746 cm ™", 1727
em ™, 1708 em ™ and 1690 cm >

In the present study, the interaction between ketoprofen
and lipase B from Candida antarctica was investigated

1962 | Catal Sci. Technol, 2017, 7, 1953-1964

through infrared spectroscopy under both static and dynamic
conditions. In the former case, the time-resolved IR was
strongly influenced by the speciation of ketoprofen due to
the increased concentration of the profen in contact with the
enzyme during the course of the experiment. An experiment
comprising a solution of ketoprofen in carbon tetrachloride
(both starting from 0.02 M or 0.16 M) in the ATR cell for 68
minutes gives rise to characteristic infrared signals at 1792

This journal is © The Royal Society of Chemistry 2017
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em™, 1772 em™ and 1742 em™" ascribed to the stretching vi-
bration of the carbonyl group of ketoprofen in its mono-
meric, linear and cyclic dimeric forms, respectively.® The sig-
nal of the dimeric form of ketoprofen (~1740 cm™) overlaps
with two other signals at 1749 cm™* and 1734 cm ' when
ketoprofen is in contact with the lipase in the static kind of
experiment. According to the DFT calculations, those signals
could be ascribed to interactions of ketoprofen with serine
and the surroundings through hydrogen bonds without reac-
tion, such as the ones shown in Scheme 2. In fact, the com-
plex formed between the monomer of ketoprofen and serine
(1749 em™) vanishes upon dimerization of the profen mole-
cules. This observation somehow indicates that the dimer of
ketoprofen is not a suitable conformation to generate a stable
complex with serine most probably due to steric hindrance
with the oxyanion hole formed by the backbone amide pro-
tons of T40 and Q106 and the side chain of T40.'° In fact,
structural analyses have revealed that nucleophilic enzymes
that catalyze reactions involving carbonyl groups bind the ox-
ygen of the carbonyl group in the oxyanion hole. This
oxyanion hole involves hydrogen bonding from two main-
chain amide NH groups to the two lone pairs of the carbonyl
group. This interaction with the oxyanion hole polarizes the
carbonyl group, activating it for nucleophilic attack and lo-
cates the substrate productively in the active site.*

The spectra in the phase domain show signals at 1757
em™ and 1736 cm™ without the interference of the broad
band of the dimeric form of ketoprofen observed in the previ-
ous time-dependent experiments. Molecular modeling plus
DFT study support the assignation of the signal at 1757 cm™
to the ester ketoprofen-serine, the so-called acyl-enzyme
intermediate (see Scheme 2). The signal at 1734-1736 cm™*
was detected both in the blank experiments (without the li-
pase) and in the presence of lipase B from Candida antarctica
in either the static mode or the c-MES experiments. The as-
signation of this signal is somehow doubtful since it could
arise from the interaction of the carboxylic acid group of
ketoprofen with the hydrogen from a network including the
hydroxyl of serine, according to the theoretical calculations
described previously. Nevertheless, the investigation reported
by George et al. demonstrated that the complex formed
through a hydrogen bond between formic acid and one mole-
cule of water exhibits an infrared band at 1736.7 cm™" due to
the perturbed stretching of the carbonyl group.*® The pres-
ence of trace amounts of water in lipase B from Candida ant-
arctica might persist even after the isotopic exchange
performed in the present investigation. Moreover, the calcu-
lated infrared signal of the acyl-enzyme involves a molecule
of water. In this context, the interaction of ketoprofen with
water cannot be ruled out as the genesis of the signal ob-
served at 1734-1736 cm . It is important to highlight that
the main change among the ketoprofen dimer, the keto-
profen adsorbed near the CALB catalytic triad and the acyl
enzyme is the formation of a new C-O-C in the acyl enzyme.
It is clear that the ketoprofen travels to the catalytic triad as a
monomeric molecule, due to steric hindrance. However, car-
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bonyl groups near hydroxyl groups and important hydrogen
bonding in C=0-H-O are present in the three situations. Be-
sides, there are hydroxyl groups near each other in all these
structures. The difficulty of signal assignation is clear. Even
so, changes in the spectra, even if subtle, are detectable
among ketoprofen, CALB and ketoprofen plus CALB in CCly,
and therefore the possibility of multiple assignation of a
band to several sources should be carefully taken into
account.

5. Conclusions

Serine amino acid has been proposed as the key active site of
hydrolytic enzymes since the report of Wlodawer et al. in
1998."” The authors gathered a series of investigations that
evidenced the formation of acyl-enzyme species via nucleo-
philic attack by a serine residue. At that time, those observa-
tions were based on the structure of several enzymes (prote-
ases, esterases, asparaginase, and penicillin acylase, among
others) provided solely by X-ray diffraction. Later on, more in-
formation on the acyl-enzyme intermediate was obtained
through infrared spectroscopy, as discussed in the previous
section. The present investigation is the first report about the
experimental identification through in situ infrared spectro-
scopic techniques coupled with molecular modeling and DFT
calculations of the species formed between R/S-ketoprofen
and the catalytic triad of lipase B from Candida antarctica.
These tools provided key information on the various types of
interactions of ketoprofen in its monomeric form with serine
and residues surrounding the catalytic triad of the lipase.
Scheme 2 depicts the complexes formed due to the hydrogen
bonding of the carboxyl group of the profen with the hydroxyl
group of serine and the oxyanion hole of the lipase, which is
proposed as the genesis of the active acyl-enzyme intermedi-
ate. Additionally, the corresponding infrared signals are
presented. It is worth noting that the complex exhibiting a
signal at 1749 cm™" was observed at concentrations of keto-
profen in carbon tetrachloride above 0.16 M and competes
with the dimers that are formed upon speciation of the keto-
profen. The complex that vibrates at 1734-1736 cm™" arises
from the interaction through H-bonding with serine and two
other residues. However, this species might also be the prod-
uct of the interaction of the profen with one water molecule.
Nevertheless, there is undoubtful experimental and theoreti-
cal evidence that the acyl-enzyme species vibrates at 1756
cm ™. This intermediate is formed through an ester bond be-
tween ketoprofen and the serine amino acid of the catalytic
triad with the simultaneous release of one molecule of water.
According to the DFT calculations, this molecule of water
continues to interact with the acyl-enzyme through H-
bonding.
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