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Abstract: For kinetically controlled synthetic reac-
tions catalysed by amidases and peptidases, the
enantio- or stereoselectivity determined from initial
rates with racemic mixtures (E, ,.) was found to
differ from the enantioselectivity determined from
measurements with isolated enantiomeric nucleo-
philes (E,,). This was observed for kinetically con-
trolled condensation of R-phenyglycineamide with
S-, R- and racemic Phe and S-, R- and racemic Leu
catalysed by penicillin amidase from E. coli and for
kinetically controlled condensation of N®-acetyl-S-
tyrosine ethyl ester with S-, R- and racemic AlaNH,

catalysed by bovine a-chymotrypsin. It is shown that
only E,, ., determined with racemic nucleophiles is
an intrinsic enzyme property which should be used to
study the influence of the primary structure, phys-
icochemical parameters and immobilisation on bio-
catalyst enantioselectivity in kinetically controlled
synthetic reactions catalysed by these enzymes.
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Introduction

Biocatalytic production of pure chiral substances is an
expanding area in the pharmaceutical and fine chemical
industry.'l A large number of these substances (8-
lactam antibiotics, biologically active peptides, oligo-
saccharides, fatty acid esters, oligonucleotides) can be
synthesised in kinetically and equilibrium controlled
reactions catalysed by hydrolytic enzymes. The max-
imum yield of product is reached faster and is larger in
the kinetically than in equilibrium controlled synthesis.
Contrary to the latter, the yield in the Kkinetically
controlled synthesis depends also on the kinetic proper-
ties of the enzyme.”’ When these processes are used for
kinetic racemate resolutions the steric purity of the
products depends on the enantio- or stereoselectivity of
the used hydrolase. It is quantified by the ratio of the
rate constants for the competing enzymatic transforma-
tions of the enantiomeric substrates.?!

E:ks/kR (1)

To obtain high steric purity of the products E should be
> 100 for an S-specific enzyme or <0.01 for an R-
specific enzyme. An enzyme generally has different
binding sub-sites adjacent to the bond changed during
the enzyme-catalysed reaction. For hydrolases such as
amidases and peptidases they are conventionally des-
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ignated S, for the residue with the carboxyl group and S’
for the residue with the amino group involved in the
formation of the amide (peptide) bond.[* Thus, quanti-
tative measures for the enantioselectivity of the differ-
ent binding sub-sites of an enzyme are required for the
selection of the optimal enzyme for a specific racemate
resolution. This has mainly been done for equilibrium
controlled enzyme-catalysed reactions such as hydrol-
ysis by hydrolases. For these it has been shown that E, 4
equals the ratio of the specificity constants for the
enantiomeric substrates,!

_ (kcat / Km)S

Ehyi = ——— 2~
v (kcat / Km)R

(2)

i.e., it reflects an intrinsic enzyme property. E; 4 can be
determined with isolated enantiomers or racemic
mixtures from initial rate measurements.’)’ When
determined with isolated enantiomers in initial rate
studies E,yy gives fundamental information on how
binding and activation energies are utilised by the
enzyme to discriminate between the enantiomers and
allows one to analyse the influence of primary structure,
temperature and pH on biocatalyst stereoselectivity.”)
These studies also showed that the stereoselectivity of
the different binding sub-sites of amidases and pepti-
dases may differ considerably. Penicillin amidases have
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an R-specific S;- and an S-specific S’;-binding sub-site.
Eyy determined from initial rates cannot, however,
generally be used for practical racemate resolutions. In
racemic mixtures each enantiomer is a competitive
inhibitor for the other.®! For determinations of the
enantioselectivity with racemic mixtures mainly prog-
ress curves have been analysed using integrated rate
equations.®”) These studies indicated that enzyme
enantioselectivity can be modulated by product inhib-
ition.”)

For kinetically controlled synthesis with amidases and
peptidases the apparent ratios of the transferase to
hydrolase rate constants, used to quantitate the nucle-
ophile specificity, determined for the S- and R-enantio-
meric nucleophiles have been used to evaluate the
stereoselectivity of the S’;-binding sub-site.'”) It has not
yet been analysed whether this is a suitable quantitative
measure for the enantioselectivity in kinetically con-
trolled synthesis. This is done here, where enantioselec-
tivities were determined for both isolated enantiomers
and racemic mixtures.

Results and Discussion

Enantioselectivity Measures in Kinetically Controlled
Synthesis

To quantify the S,’- or nucleophile enantioselectivity in
kinetically controlled synthesis catalysed by amidases or
peptidases the following ratio has been used!'"]

Esyn = (e Tar)e (3)

The ratios of apparent second-order rate constants
for acyl transfer to nucleophile and water were deter-
mined from initial rate measurements with isolated
enantiomers

where vyand vy are the initial rates for formation of the
condensation and hydrolysis products respectively.?
From the definition (Equation 1) and considering equal
initial concentrations of the enantiomeric nucleophiles,
E for a racemic mixture

VTI.§
Esyn, rac = —— (5)

VT,R

Thus, only when E,, = E, ., can the enantioselectivity
be determined from measurements with isolated enan-
tiomers.
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Whether E,, or E,y, ., are intrinsic properties of the
enzyme can be analysed based on the following
mechanism for the kinetically controlled synthesis that
has been shown to apply for amidases, peptidases and
glucosidases with covalent acyl- or glycosyl-enzyme
intermediates.?!

k
EA-NH; ==——=> AN,

ks

BH lixs
NHj
Ks k2 f + kh
EH+AB<——EH''‘AB<—=—> E-A——> EH+AOH
+
NH,

KN’RJ [
kg

EA---NH, ‘-](7, AN,
t,R

Scheme 1. Mechanism for the hydrolase-catalysed synthesis
of a condensation product AN from an activated substrate
AB and a racemic nucleophile NH. The mechanism implies a
covalent acyl-enzyme intermediate and nucleophile binding
to the acyl-enzyme before its deacylation.”l The mechanism
is simplified neglecting nucleophile binding to EH and
EH--- AB.

Assuming equilibrium in NH binding and negligible
AN hydrolysis, (kt/ky).p, for an isolated enantiomer
determined from the initial rates of formation of con-
densation and hydrolysis products is given by the relation!?!

Q- 6
bt ), (nKN + kn, N[NH]) )

(which also covers the case where the acyl-enzyme can
be formed from the enzyme-substrate complex with
bound nucleophile) where Ky is the equilibrium
constant for nucleophile binding to the acyl-enzyme, k;
is the deacylation rate constant of the acyl-enzyme-
nucleophile complex, k;, is the deacylation rate constant
of the acyl-enzyme by water, and k; y is the deacylation
rate constant of the acyl-enzyme-nucleophile complex
by water. Then E is

ke, s(knKN, & + kn, N, R[NHRz])

Esyn =
Tk R(knKN, s + kn, N, s[NHs])

(7)

i.e., it is not an intrinsic property of the enzyme as it
depends on the nucleophile concentration. When using
racemic nucleophiles for determination of E both
nucleophiles compete for the acyl-enzyme and from
Scheme 1 can be derived

ki sKn.r

8
krKN s ®)

Esyn, rac —
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that it is an intrinsic property of the enzyme. From
Equations (7) and (8) it follows that Ey, = E,, ,,c only
when kynr=knns=0, L.e., the acyl-enzyme cannot be
deacylated by water when it has bound a nucleophile.
When this is not the case, only the enantioselectivity
Eqyn, rac determined with a racemic mixture is an intrinsic
molecular property, i.e., independent on the nucleophile
concentration (Equation 8).

Experimental Determination of the Enantioselectivity
in Kinetically Controlled Synthesis

The S,-enantioselectivity in kinetically controlled
synthetic reactions was determined for two hydrolytic
enzymes: E. coli penicillin amidase (PA) and bovine a-
chymotrypsin (a-CT). The enantiomeric ratios were
determined in reactions with isolated enantiomeric and
racemic nucleophiles. PA was used to catalyse the
condensation of R-phenyglycineamide (R-PhgNH,)
with S-, R- and racemic Phe and with S-, R- and racemic
Leu. a-CT was used as a catalyst for the kinetically
controlled condensation of N“-acetyl-S-tyrosine ethyl
ester (ATEE) and S-, R- and racemic AlaNH,. In both
cases the use of chiral activated substrate allowed
resolution of the diastereomeric products without
chiral chromatography.

The results obtained with the two enzymes are
presented in Table 1. For all studied reactions the
enantioselectivity determined with isolated enantio-
meric nucleophiles was considerably lower than the one
determined with racemic nucleophiles. For the reactions
catalysed by a-chymotrypsin they differ by about 6-fold.

Table 1. The S’;- enantioselectivities E,, (Equation 7) and E

syn

syn, rac

For the PA-catalysed transformations the observed
difference is about an order of magnitude. When
racemic Phe was used as a nucleophile only one
diastereomeric product (R-S) was observed. These
results show that E,+E,, ., and that the acyl-
enzyme-nucleophile complex can be deacylated by
water. Therefore, only E, ,,. can be used as a measure
for enzyme S,’-enantioselectivity in kinetically control-
led synthesis. The E, ,,.-values apply for initial rate
measurements. Of practical importance, however, is the
enantiomeric or diastereomeric excess (ee, de) at the
kinetically controlled maximal concentration of the
desired product. Analytical expressions or numerical
solutions for this concentration have not yet been
developed. It was, however, found that the observed
diastereomeric excess (de) with racemic nucleophiles at
the kinetically controlled maximal concentration of the
product with the more specific enantiomeric nucleo-
phile [AN,,,.]z.s corresponds to the enantioselectivityl!!]
Egn rac derived from the initial rates vyg and vy of the
same reaction. Thus, E, .. is relevant to estimate the
enantiomeric or diastereomeric excess at the maximal
product concentration. For very high enantiomeric
ratios, however, the difference between Ey, and Ey, .,
becomes less important in the calculation of ee or de.

Conclusions
For the S;’-enantioselectivity in kinetically controlled
condensation reactions catalysed by amidases and

peptidases only the enantiomeric ratio E,y, . deter-
mined with racemic mixtures of the nucleophile is an

(Equation 8) for penicillin amidase- and o-chymotrypsin-

catalysed kinetically controlled syntheses determined with enantiomeric and racemic nucleophiles.

3 3 d 9
Enzyme g%nie;];;non reaction (ke kg )appt™! — (kr/ ki)s By e = 2% [AN max]r-s f;: (R-S),
(kr/ kn)r VT.R [AN]z - &
E. coli PA R-PhgNH, + S-Phel?] 10000 - - -
2000
R-PhgNH, + R-Phel®! 5 - - -
R-PhgNH, + rac Phel! - - > 10000 n.o.ll >99.9
R-PhgNH, + S-Leu® 4000 - - -
200
R-PhgNH, + R-Leul? 20 - - -
R-PhgNH, + rac Leul® - 3000 2900 99.9
Bovine o-CT  ATEE + S-Ala NH,"! 1550 - - -
26
ATEE + R-Ala NH,! 60 - - -
ATEE + rac Ala NH, - - 160 163 99.0

[ 10 mM AB, 100 mM NH.
] 20 mM AB, 100 mM NH.
[ 10 mM AB, 200 mM NH.

4] Determined from initial rate measurements at less than 10% conversion of AB. Standard deviation less than 20%.

[l Only one diastereomer (R-S) was observed.
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intrinsic molecular property (Equation 8). It should be
used as a measure:

for the stereoselectivity of different enzymes used as
biocatalysts for the same process, and

to study the influence of temperature, pressure, pH
and immobilisation on enantioselectivity in kinetically
controlled condensations with the same enzyme.!”

The difference between E, ,,. and E, (determined
with isolated enantiomers) implies that the acyl-enzyme
with bound nucleophile can be deacylated by water
(Scheme 1). This should also apply for other hydrolases
(such as glucosidases) that have been shown to catalyse
kinetically controlled synthetic reactions according to
Scheme 1.

Experimental Section

General Remarks

R-PhgNH, was kindly provided by Rohm (Darmstadt,
Germany). ATEE, R-phenyglycine (R-Phg), N®acetyl-S-
tyrosine (AT), racemic and enantiomeric pure S- and R-Phe,
Leu and enantiomeric pure S- and R-AlaNH, and R-Phg-Leu
were from Sigma and Bachem. Racemic AlaNH, was prepared
by mixing equimolar amounts of S- and R-enantiomers. The
chiral purity of the enantiomeric substrates given by the
manufacturer was > 99%. All other chemicals were analytical
grade. Penicillin amidase (EC3.5.1.11) from E. coli was
purchased from Sigma and purified by ion-exchange chroma-
tography using a Mono Q column HR10/10 (Pharmacia,
Sweden) as previously described.['”l Only the proteolytically
processed form with isoelectric point 7.0 was used. The purity
and the homogeneity of the enzyme was analysed by activity
and protein stains on isoelectric focusing gels.'”l The molar
concentration of PA was determined by active site titration
with phenymethanesulfonyl fluoride** using 6-nitro-3-phenyl-
acetamidobenzoic acid as a substrate. Bovine a-chymotrypsin
(EC 3.4.21.1) was purchased from Sigma and was purified by
affinity chromatography using soybean trypsin inhibitor
(Sigma) immobilised™! on Eupergit C250-L (R6hm, Darm-
stadt). The purity of the enzyme was determined by isoelectric
focusing. The purified a-chymotrypsin was homogeneous and
its concentration was determined by the absorbance at 280 nm,
using an &,g value of 4.9 x 10*M~!cm.

Kinetically Controlled Condensations

In a typical experiment for enzyme-catalysed kinetically
controlled synthesis of diastereomeric dipeptides, 2 mL
reaction mixture containing 10 or 20 mM activated substrate
(R-PhgNH, or ATEE) and 100 or 200 mM enantiomeric or
racemic nucleophile (Phe, Leu, AlaNH,; each concentration
specified in Table 1) in bicarbonate buffer 7 = 0.2 with pH
adjusted to 9.0 was preincubated at 25 °C. The reaction was
initiated by addition of 10 pL enzyme solution preincubated at
the same temperature in the same buffer. The final enzyme
concentration in the reaction mixture was (depending on the
nucleophile and the concentrations) in the range 1 x 107-2
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x 107 for PAand1 x 10°-2 x 107 for a-CT. Periodically
aliquots were withdrawn, diluted (1:10) and immediately
analysed by HPLC. Each experiment was paralleled by a
reference experiment without enzyme for a reading of the
spontaneous hydrolysis of the activated substrate which was
used to correct the input for calculation of ki/ky. The
transferase to hydrolase ratio was calculated from the initial
rates (less than 10% activated substrate exhausting) of
condensation (vy) and hydrolysis (vy) product formation
using Equation 4.1 The enantiomeric ratio for isolated
enantiomeric nucleophiles was calculated using Equation 3,
for racemic nucleophiles Equation 5 was used, respectively.
The reactions with racemic nucleophiles were followed up to
the maximal concentration of the specific diastereomeric
product.

HPLC Analysis

Products and reactants were identified and analysed by HPLC
using a Pharmacia LKB 2249 solvent delivery system and LKB
Bromma 2151 variable wavelength detector with two sequen-
tially connected analytical columns. For the PA-catalysed
condensation between R-PhgNH, and Phe the substances were
quantified using two RP-8, 5 um, 10 cm (Merck) columns
thermostatted at 50 °C and calibration curves for the peak
areas at 225 nm obtained with reference compounds of known
concentrations. For all measurements the peak integration was
done with Chrom Star software 1994 (Bruker). The response
factor for the diastereomeric R-Phg-S-Phe and R-Phg-R-Phe
was inferred from the response factors for R-PhgNH,, R-Phg
and assuming a constant sum of the concentrations of the
activated substrate, condensation and hydrolysis products
during a reaction. The elution system for resolution of R-Phg,
R-PhgNH,, S- or R-Phe, and the diastereomeric R-Phg-S-Phe
and R-Phg-R-Phe was: 67 mM KH,PO, (pH 4.5) for 3 minutes
followed by a step gradient methanol/67 mM KH,PO, (pH 4.5)
(35:65 v/v) and elution for further 5 minutes. At flow rate
2 mL/min the retention times for R-Phg, R-PhgNH,, S- or R-
Phe, R-Phg-S-Phe and R-Phg-R-Phe were 0.9, 1.8, 2.4, 5.3 and
6.5, respectively, at good base-line resolution. For determina-
tion of k1/ky only the peaks for the hydrolysis product (R-Phg)
and the condensation product were integrated. For determi-
nation of vy¢/vrx only the two diastereomeric products were
considered. For the PA-catalysed condensation between R-
PhgNH, and Leu the substances were quantified using two RP-
18, 5 um, 10 cm (Merck) columns thermostatted at 60 °C and
calibration curves for the peak areas at 225 nm obtained as
described above. The elution system for resolution of R-Phg, R-
PhgNH,, S- or R-Leu and the diastereomeric R-Phg-S-Leu and
R-Phg-R-Leu was: methanol/67 mM KH,PO, (pH 6.5) (10:90
v/v) for 2.5 minutes followed by a step gradient methanol/67
mM KH,PO, pH 6.5 (35:65v/v) and elution for further
7 minutes. At flow rate 2.2 mL/min the retention times for R-
Phg, S- or R-Leu, R-PhgNH,, R-Phg-R-Leu and R-Phg-S-Leu
were 1.2, 1.7, 2.9, 5.6 and 7.5, respectively, at good base-line
resolution. For the a-CT-catalysed condensation of ATEE and
AlaNH, the substances were quantified using two RP-18, 5 pm,
10 cm (Merck) columns thermostatted at 60 °C and calibration
curves for the peak areas at 280 nm obtained with reference
compounds of known concentrations. For quantification of the
diastereomeric dipeptides, the calibration curve for ATEE was
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used since for the absorption at 280 nm the Tyr moiety is
dominant (the difference of the peak areas for 1 mM ATEE
and 1 mM ATis < 1%). The elution system for resolution of AT,
ATEE and the diastereomeric N*-acetyl-S-Tyr-S-AlaNH,, and
N¢acetyl-S-Tyr-R-AlaNH, (AlaNH, was not detectable at
280 nm) was: methanol/5 mM KH,PO, (pH 4.5) (6:94 v/v) for
5 minutes, followed by a step gradient methanol/S mM
KH,PO, (pH 4.5) (35:65v/v) and elution for further
8 minutes. At flow rate 2 mL/min the retention times of AT,
N¢-acetyl-S-Tyr-S-AlaNH,, N®-acetyl-S-Tyr-R-AlaNH, and
ATEE were 1.8, 4.7, 5.8 and 11.9, respectively.
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